The influence of propagation method and stand age on Miscanthus x giganteus performance in Iowa, USA by Boersma, Nicholas
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2013
The influence of propagation method and stand age
on Miscanthus x giganteus performance in Iowa,
USA
Nicholas Boersma
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Oil, Gas, and Energy Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Boersma, Nicholas, "The influence of propagation method and stand age on Miscanthus x giganteus performance in Iowa, USA"
(2013). Graduate Theses and Dissertations. 13588.
https://lib.dr.iastate.edu/etd/13588
The influence of propagation method and stand age on Miscanthus × giganteus
performance in Iowa, USA 
By 
Nicholas Neal Boersma 
A dissertation submitted to the graduate faculty 
In partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Major: Plant Biology 
Program of Study Committee: 
Emily Heaton, Major Professor 
Lynn Clark 
Steven Fales 
Shuizhang Fei 
Kenneth Moore 
Iowa State University 
Ames, Iowa 
2013 
Copyright © Nicholas Neal Boersma 2013. All rights reserved. 
ii 
DEDICATION 
For my beautiful wife Steph and my wonderful kids Ellsey and Neal, I would not have 
finished this if it were not for you. You are my motivation. 
iii 
TABLE OF CONTENTS 
LIST OF TABLES .............................................................................................................. v
LIST OF FIGURES ........................................................................................................... vi
ACKNOWLEDGEMENTS ............................................................................................. viii
ABSTRACT ....................................................................................................................... ix
CHAPTER 1.  GENERAL INTRODUCTION .................................................................. 1
What Motivates Biomass Crop Research? ...................................................................... 1
Biomass Feedstocks ........................................................................................................ 3
Challenges to M. × giganteus Adoption ......................................................................... 5
Dissertation Organization ............................................................................................... 9
References ..................................................................................................................... 10
Tables ............................................................................................................................ 14
CHAPTER 2.  EFFECTS OF TEMPERATURE, ILLUMINATION AND NODE 
POSITION ON STEM PROPAGATION OF MISCANTHUS × GIGANTEUS ............... 15 
Abstract ......................................................................................................................... 15
Introduction ................................................................................................................... 16
Materials and Methods .................................................................................................. 20
Results ........................................................................................................................... 23
Discussion ..................................................................................................................... 25
Acknowledgements ....................................................................................................... 29
References ..................................................................................................................... 29
Tables ............................................................................................................................ 35
Figures .......................................................................................................................... 37
CHAPTER 3. PROPAGATION METHOD AFFECTS MISCANTHUS ×       
GIGANTEUS DEVELOPMENTAL MORPHOLOGY .................................................... 41
Abstract ......................................................................................................................... 41
Introduction ................................................................................................................... 42
Materials and Methods .................................................................................................. 46
Results ........................................................................................................................... 49
Discussion ..................................................................................................................... 52
Conclusion .................................................................................................................... 55
Acknowledgments ........................................................................................................ 56
References ..................................................................................................................... 56
Tables ............................................................................................................................ 60
Figures .......................................................................................................................... 64
iv 
CHAPTER 4. DOES PROPAGATION METHOD AFFECT YIELD AND   
SURVIVAL? THE POTENTIAL OF MISCANTHUS × GIGANTEUS IN IOWA,        
USA................................................................................................................................... 72
Abstract ......................................................................................................................... 72
Introduction ................................................................................................................... 73
Materials and Methods .................................................................................................. 76
Results ........................................................................................................................... 78
Discussion ..................................................................................................................... 80
Conclusion .................................................................................................................... 86
Acknowledgements ....................................................................................................... 86
References ..................................................................................................................... 86
Tables ............................................................................................................................ 91
Figures .......................................................................................................................... 92
CHAPTER 5. MISCANTHUS × GIGANTEUS AUTUMNAL LEAF SENESCENCE      
IS AFFECTED BY STAND AGE .................................................................................. 101
Summary ..................................................................................................................... 101
Introduction ................................................................................................................. 102
Materials and Methods ................................................................................................ 104
Results ......................................................................................................................... 106
Discussion ................................................................................................................... 108
Acknowledgements ..................................................................................................... 111
References ................................................................................................................... 112
Figure Captions ........................................................................................................... 114
Figures ........................................................................................................................ 116
CHAPTER 6. GENERAL CONCLUSION .................................................................... 120
Stem Propagation of M. × giganteus is Possible and Prolific ..................................... 120
Stem and Rhizome Propagated M. × giganteus Exhibit Similar Productivity ............ 121
Survival and Absent First-Year Senescence is Similar in Stem and Rhizome 
Propagated M. × giganteus ......................................................................................... 122
Re-Searching ............................................................................................................... 122
References ................................................................................................................... 124
v 
LIST OF TABLES 
Table 1.1. Global climate change consequences .............................................................. 14
Table 2.1. Experimental layout for temperature experiment ............................................ 35
Table 2.2. Overall ANOVA table for temperature and propagule effects ........................ 35
Table 2.3. Overall ANOVA table for light and node position effects .............................. 36
Table 3.1. Location and soil characteristics at planting of three Iowa State University 
farms used to test propagation method effects of M. × giganteus developmental 
morphology ....................................................................................................................... 60
Table 3.2. Weed control on field plots used to test propagation method effects on M. × 
giganteus developmental morphology .............................................................................. 61
Table 3.3. Mixed Model ANOVA for basal circumference ............................................. 62
Table 3.4. Mixed model ANOVA for tiller number ......................................................... 63
Table 4.1. M. × giganteus harvest dates ........................................................................... 91
vi 
LIST OF FIGURES 
Figure 2.1. Photographic depiction of M. × giganteus stem segments ............................. 37
Figure 2.2. Mean emergence of shoots from propagules of M. × giganteus .................... 38
Figure 2.3. Node position effect on shoot emergence from stem segments of M. × 
giganteus. .......................................................................................................................... 39
Figure 2.4. Mean emergence of illuminated or non-illuminated stem segments over    
node positions. .................................................................................................................. 40
Figure 3.1. Photo depiction of M. × giganteus rhizome. .................................................. 64
Figure 3.2. Photo depiction of stem propagated (SP) M. × giganteus plant ..................... 65
Figure 3.3. Precipitation data for 2010, 2011 and the 30-year average ............................ 66
Figure 3.4. Temperature data for 2010, 2011 and the 30-year average ............................ 67
Figure 3.5. Basal circumferences of M. × giganteus ........................................................ 68
Figure 3.6 Tiller number of M. × giganteus plants ........................................................... 69
Figure 3.7. Heights of M. × giganteus plants .................................................................... 70
Figure 3.8. Stem diameters of M. × giganteus plants ....................................................... 71
Figure 4.1. Total aboveground biomass yield ................................................................... 92
Figure 4.2. Stem to leaf biomass ratios ............................................................................. 93
Figure 4.3. Total belowground biomass yield .................................................................. 94
Figure 4.4. Above to belowground biomass ratio ............................................................. 95
Figure 4.5. Rhizome to root biomass ratios ...................................................................... 96
Figure 4.6. M. × giganteus plant loss percentages ............................................................ 97
Figure 4.7. Monthly temperature data for 2009-2011 and previous 30-year average ...... 98
Figure 4.8. Daily high and low temperatures and 10-year mean daily highs and low 
temperatures ...................................................................................................................... 99
Fig. 5.1. Photograph of differential M. × giganteus senescence (I) ................................ 116
vii 
Fig. 5.2. Photograph of differential M. × giganteus senescence (II) .............................. 117
Fig. 5.3. Field design and layout ..................................................................................... 118
Fig. 5.4. Miscanthus × giganteus autumnal leaf senescence symptoms by stand age .... 119
viii 
ACKNOWLEDGEMENTS 
  Thank you to my committee members for your support and expertise. Your 
courses and conversations regarding my project have been invaluable. Thank you to my 
advisor, Emily Heaton, for believing I was worthy to be your first graduate student and 
Ph.D. candidate. Thanks Emily for giving me the opportunity to fulfill my goal of 
attaining the highest degree in my field.  
Funding for this project came from the Iowa State University Department of 
Agronomy, the Iowa State University College of Agriculture and the National Science 
Foundation (Grant Number EPS-1101284). Thanks Speedling Inc. and Caveny Farm for 
plant material donations. Thank you to (in no particular order) Danielle Wilson, Trish 
Patrick, Frank Dohleman, Jake Epstein, Brandon Shaw, Anthony Martin, Alex Maeder, 
Brian Pfeiffer, Dustin Schau, Faithe Doscher, Amber Goff, Ben Goff, Scott Flynn, Karl 
Pazdernik, Whitney Bouma, Theo Gunther, Ashley Harms (Raes), Mike Fiscus and the 
AAE farm crew, Roger Hintz, Patrick Mai, Josh Grindeland, Ashley Greve, Brent Berns, 
Pablo Gonzalez, Muhammad Aurang Zaib, Nick Ohde, Nicola Forrest, Cathi Bonin and 
Ruth Burke for their physical and mental support of these projects and manuscripts. I 
would like to especially thank George Patrick for his mentorship. 
 I would like to reserve my greatest thanks to my family for their love and support 
during this process. Thank you Steph for tolerating all of the questions asking “Hey, 
when is Nic going to be done?” which she received on a nearly daily basis. I appreciate 
all of the love and support from my parents as well. Thank you for helping me get 
established in Ames, and at Iowa State University. Thank you for expressing your 
support on a regular basis. I would like to thank my brothers as well for their support.   
ix 
ABSTRACT 
Climate change and a desire for oil independency have stimulated interest in 
dedicated biomass crops for domestic biofuels production. Miscanthus × giganteus Greef 
et Deu., an exceptionally productive crop in the Midwestern USA, exhibits many ideal 
biomass crop traits, notably sterility which decreases invasive potential. Although a labor 
intensive process, rhizome propagation is the most common method for vegetatively 
propagating M. × giganteus. Stem propagation, investigated here, alleviates many 
challenges associated with rhizome production. Utilizing 30 °C soil and the first five 
nodal stem segments increased M. × giganteus propagation rates 12 fold of reported 
rhizome multiplication rates. Stem propagated plants (SPs) were field-tested at three sites 
in Iowa. I found that established SPs and rhizome propagated plants (RPs) yielded 
similarly, and averaged 24.7 Mg ha-1, similar to other Midwestern trials. Previous work 
showed that first-year M. × giganteus exhibited poor winter survival. In contrast, I found 
very high (> 99 %) first winter survival for both SPs and RPs. However, establishment 
losses for RPs and SPs were very high: 40 times greater than first winter losses. Winter 
survival was high in Iowa trials, but plants remained green until a killing frost; this 
observation is blamed for poor winter survival in early M. × giganteus trials. Here, the 
anecdotal assertion that first-year M. × giganteus exhibits minimal leaf senescence in the 
first autumn was supported quantitatively by photosynthetic and leaf N measurements. At 
the end of the first season, M. × giganteus exhibited photosynthetic rates, photosystem II 
efficiencies and leaf N up to 4, 4 and 2.4 times greater, respectively, than third-year 
plants, indicating delayed senescence.
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CHAPTER 1.  GENERAL INTRODUCTION 
What Motivates Biomass Crop Research? 
Climate change 
“Where’s this global warming all these scientists keep talking about?” This is a 
common sentiment among Iowans during a typical Midwestern winter. It is a phrase you 
are likely to hear when sliding to and from the ice covered parking lot of any grocery 
store. As far as most Iowans and Midwesterners are concerned, by March, global 
warming would be a welcome change. This scenario may be a dramatization, but the truth 
is, the majority of Americans are not concerned about climate change. According to a 
recent Pew Research Center Poll, only 40 % of Americans believe climate change poses a 
significant threat to our nation (Pew Research Center, 2013a). This is drastically below 
some other countries polled. For example, when polled, 87 and 85 % of Greeks and South 
Koreans, respectively, voiced great concern about climate change (Pew Research Center, 
2013a). Although the majority of Americans believe climate change is occurring (69 % as 
of March, 2013) (Pew Research Center, 2013b), a relatively small percentage believe that 
humans are to blame (42 % as of March, 2013) (Pew Research Center, 2013b). As a 
scientist, I find this particularly troubling as it has been  repeatedly and explicitly made 
clear by the Intergovernmental Panel on Climate Change (IPCC) that climate change is 
the result of human activities (especially the mining and consumption of fossil fuels), 
even going so far in their most recent report to apply the rarely used designation of 
“extremely likely” (95-100 % probability) to describe the probability that humans have 
caused the majority of climate change observed since the 1950’s (IPCC, 2013). 
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Unfortunately the overwhelming evidence and scientific consensus compiled in the IPCC 
assessment reports have not translated into the public concern warranted in our country. 
Despite lack of concern in the  general U.S. population, the consequences of 
climate change are ominous (Table 1.1) and well documented (IPCC, 2007).  Many 
researchers in the scientific community have taken climate change especially seriously, 
and the warnings of the IPCC have been heeded. Faced with the dire future projected in 
the IPCC ‘business as usual’ scenario, scientists, funding agencies and some governments 
have specifically increased research on reducing energy related CO2 emissions through 
alternative energy and biofuels, which have the added allure of putting the U.S. on a path 
towards energy independence.  
The concept of energy independence and security has been a strong driver 
towards increased research and development of biofuels. Since the Oil Embargo of 1973, 
the notion of energy independence has become extremely popular politically; 24 of the 
last 34 State of the Union Addresses (as of 2009) declared that the U.S. must move away 
from dependence on foreign energy (Luft and Korin, 2009). Despite continuing 
presidential support (from both major parties), and wide public support for energy 
independence, “big oil” has resisted this change (Juhasz, 2008). Mostly through extreme 
financial influence, “big oil” has been able to maintain U.S. policies favoring their 
industry. For example, a bill that would have significantly decreased tax breaks to oil 
companies and diverted those funds to clean energy alternatives, the Renewable Energy 
and Energy Conservation Tax of 2007 (HR 2776) died in Congress. Later, a study found 
that during the five years leading up to the introduction of HR 2776, campaign 
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contributions were five times greater for those who voted against this bill versus those 
who voted in favor of the bill (Juhasz, 2008).  
Energy independence 
Although, there is indisputable evidence that the oil and gas industries have 
played a major role in U.S. politics, especially through lobbying funds (>$240 million 
from 1998-2006 (Juhasz, 2008)), they have not been able to prevent all legislation 
favoring energy independence. In 2007, Congress, likely listening to the majority of their 
constituents (“big oil” has become an industry Americans love to hate) and influenced by 
the persistence of the IPCC and other climate scientists, finally passed meaningful 
legislation with clear biofuels goals (Energy Independence and Security Act of 2007). 
The Energy Independence and Security Act of 2007, hereafter referred to as EISA, has 
been a major driver to increase research and development of renewable fuels, specifically 
biomass-based biofuels. EISA designated clear production goals for biofuels, notably 
79.5 billion liters of advanced biofuels be produced by 2022, of which 60.6 billion liters 
are expected to come from cellulosic sources such as dedicated energy crops.   
Biomass Feedstocks 
Candidate crops 
Although the renewable fuels standard (RFS) outlined in EISA did not come 
along until 2007, dedicated feedstock programs had already begun in the U.S. in 1992 
which focused on the development of switchgrass (Panicum virgatum L.) as a bioenergy 
crop (Sanderson et al., 1996). Meanwhile, in Europe, research on several perennial 
herbaceous feedstocks had been underway for nearly 20 years (Heaton et al., 2010). In 
contrast to the U.S. feedstock developmental programs, however, the European feedstock 
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programs identified an Asian grass, Miscanthus × giganteus (Greef et Deu. ex Hodkinson 
et Renvoize) as a primary herbaceous bioenergy crop candidate (Heaton et al., 2010). 
Could M. × giganteus from the European trials stack up against the native switchgrass in 
the U.S. trials? 
M. × giganteus U.S. research history 
Side by side trials of M. × giganteus and switchgrass were non-existent in the 
U.S. However, emerging reports of climate change from the IPCC (2001), and interest in 
dedicated energy crops was increasing. This interest led young graduate student Emily 
Heaton, at the University of Illinois, to investigate the potential of the European model 
energy crop in the U.S. via quantitative review (Heaton et al., 2004a) and modeling 
(Heaton et al., 2004b). Results of both investigations were quite positive for M. × 
giganteus, and prior to reporting that yields for M. × giganteus may be twice that of the 
U.S. candidate energy crop switchgrass (Heaton et al., 2004b), real-world M. × giganteus
trials were begun.  
The first side by side trials of switchgrass and M. × giganteus in the U.S. were 
planted in 2002 at the University of Illinois (Heaton et al., 2008). The modeling efforts of 
Heaton et al. (Heaton et al., 2004b), turned out to be conservative estimates of the yield 
advantage M. × giganteus had over ‘Cave-In-Rock’ switchgrass in Illinois. Averaged 
over three locations and three harvest seasons, mature M. × giganteus yielded nearly 
three times that of its U.S. counterpart (29.6 vs. 10.4 Mg ha-1) (Heaton et al., 2008).  
The success of M. × giganteus in these early modeling efforts and field trials have 
led to an incredible increase in M. × giganteus research, and field trials are now 
progressing in nearly every U.S. state (Heaton et al., 2010). The increased research on M. 
5 
× giganteus has also been reflected in a large increase in publications on the subject. For 
example, Thomson Reuters’ Web of Science® online index returned 31 publications for 
the search term “miscanthus” in the ‘topic’ field, and narrowing the ‘year published’ to 
2004. Fast forward a short eight years later to 2012, and the same search terms return 245 
publications, nearly an eight-fold increase (Thomson Reuters, 2013).   
Challenges to M. × giganteus Adoption 
Although many researchers have recognized the positive attributes of M. × 
giganteus, which exhibits many attributes of an ideotypic bioenergy crop (Heaton et al., 
2004b), there are still many agronomic challenges to the use of M. × giganteus at a 
commercial scale (Atkinson, 2009). Most of the challenges associated with M. × 
giganteus arise from its sterility and associated propagation requirements, as well as 
inconsistent cold tolerance.  
Sterility and propagation 
Sterility in M. × giganteus, a naturally occurring sterile allotriploid (Greef and 
Deuter, 1993; Hodkinson et al., 2002), is simultaneously a positive and negative attribute. 
Sterility limits invasive potential (Heaton et al., 2004b) and is imperative to ensure new 
biomass crops do less harm than good (Raghu et al., 2006). This issue is important to the 
success of the emerging biofuels industry (Gutterson and Zhang, 2009). However, 
sterility also necessitates vegetative propagation rather than seeds to establish new fields. 
This ‘non-conventional’ propagation and planting technique adds significant cost and 
labor to M. × giganteus compared to seeded crops (Khanna et al., 2008). Atkinson (2009) 
argued that creating a high throughput M. × giganteus propagation system could alleviate 
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some of the costs associated with vegetative propagation, and is essential to wide-spread 
adoption and use of an otherwise promising crop.   
Currently the industry standard for propagating and planting M. × giganteus is 
rhizomes. Although new rhizome technology is emerging (e.g. Ceeds™ from New 
Energy Farms™ (New Energy Farms, 2013)), peer-reviewed, published multiplication 
factors; i.e., the number of new plants that can be propagated from a single ‘mother’ 
plant, for rhizomes are relatively low (Pyter et al., 2009). This propagation system also 
effectively ‘resets’ mature parent stands to immature first-year stands through the 
excavation of rhizomes, thus reducing their biomass yield potential, and necessitating the 
need for weed control. Excavation also requires digging and major soil disturbance, 
leaving soil susceptible to CO2 losses and erosion, negatively impacting the crop’s carbon 
footprint. High-throughput, non-rhizome propagation will be essential not only to M. × 
giganteus affordability and thus, profitability, but also to its environmental sustainability. 
Therein lies an opportunity to improve M. × giganteus propagation, minimizing its 
environmental impact and maximizing the production of new propagules. However, 
optimizing this system is only useful if new propagules perform as well, or better, than 
rhizomes in the field.  
Unknown performance in Iowa 
Miscanthus × giganteus has been projected to perform relatively well in Iowa, 
with modeled yields ranging from 15-35 Mg ha-1 (Miguez et al., 2012) which is similar to 
proven Illinois yields of 13.7-44.1 Mg ha-1 for mature M. × giganteus (Dohleman et al., 
2012; Heaton et al., 2008). Reported yields in other Midwestern states have also been 
promising with Nebraska boasting M. × giganteus yields of 27.4 Mg ha-1, and Kansas 
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reporting yields ranging from 11.8-13.7 Mg ha-1 (Propheter and Staggenborg, 2010). 
However, there have been no peer-reviewed reports of M. × giganteus yields for Iowa. It 
could be expected that M. × giganteus would yield exceptionally well in Iowa given its 
outstanding maize (Zea mays L.) productivity, which has led the nation for nearly two 
decades (USDA, 2013).  
 Iowa’s amazing maize growing ability has facilitated its emergence as a national 
leader in ethanol production as well, producing almost 30 % of the U.S. supply (Iowa 
Corn Growers Association, 2013). Given the potential to produce biofuels, Iowa should 
be considered a major market for potential M. × giganteus adoption. The development of 
this market will depend on several variables, but field performance in general and yields 
specifically are very important. Additionally, survivability of M. × giganteus, which hails 
from the tropical to sub-tropical regions of Asia (Scally et al., 2001), will be of great 
importance to its adoption as well.  
Cold tolerance and senescence  
Poor winter survival in some early M. × giganteus trials convinced many that M. 
× giganteus was not worth the risk in temperate climates. Winter mortality rates ranged 
as high as 83-100 % in trials in The Netherlands, Belgium and Germany (Christian and 
Haase, 2001). The mechanism by which these plants were killed was unknown. Christian 
and Haase (2001) speculated that newly propagated plants, especially those propagated 
via micropropagation, were not able to go dormant (as indicated by lacking senescence). 
They hypothesized that this was likely due to the shoot induction hormone applications 
during the culture process (Christian and Haase, 2001). Indeed previous work has shown 
micropropagated M. × giganteus had reduced winter survival compared to those 
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propagated by rhizomes (Christian and Haase, 2001; Clifton-Brown et al., 2007). I also 
made the observation that Iowa-grown M. × giganteus did not seem to senesce in its first-
year, and would remain bright green until a killing frost in the autumn. This observation 
was consistent with observations made by Emily Heaton that M. × giganteus did not 
senesce at the same time in first-year stands as it did in mature stands in Illinois (Emily 
Heaton, personal communication).  
Feller and Fischer (1994) asserted “Senescence must be considered as an 
important process in the adaptation of higher plants to environmental conditions”. 
Normally, environmental cues trigger autumnal leaf senescence (Nooden, 1988). This 
process allows the recapture of N, sugars and other mobile nutrients through the 
catabolism and translocation of cellular components. In annual plants, the destination of 
these translocated autumnal senescence products is typically a developing fruit. However, 
in the case of M. × giganteus, a perennial, the rhizome is the destination for this nutrient 
stream (Beale and Long, 1997). If this process does not proceed, the majority of 
aboveground N, which is bound in photosynthetic proteins (Peoples and Dalling, 1988), 
may not be available to the perennating rhizome for spring regrowth the next season. 
Thus, the absence of leaf senescence in the first autumn may have a substantial impact on 
M. × giganteus winter survival. 
Although observations have been made about poor leaf senescence and nearly 
complete winter mortality in M. × giganteus, there have been no published, quantitative 
comparisons of its senescence in the first-year and subsequent years to my knowledge.   
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Dissertation Organization 
This dissertation is organized into chapters corresponding to the above outlined 
agronomic challenges to M. × giganteus adoption. The second chapter addresses the 
challenge of M. × giganteus propagation and investigates the conditions favoring stem 
propagation using a controlled environment study. This chapter, published in Global 
Change Biology Bioenergy (Boersma and Heaton, 2012), highlights the advantages and 
opportunities this system could offer relative to the conventional rhizome propagation 
system.  
The third and fourth chapters were submitted to Industrial Crops and Products as 
part of a two-part series considering the effect of propagation method on growth and 
productivity of M. × giganteus. The goal of these papers was to consider the field 
performance of M. × giganteus when propagated from non-rhizome sources. The 
advantages of a stem-based propagation system would be irrelevant if resultant plant 
material did not perform similarly to rhizome propagated M. × giganteus. Therefore, it 
was crucial that stem propagated material be compared in side-by-side trials with rhizome 
generated plants. These studies represent the first peer-reviewed yields of M. × giganteus
in Iowa, and to my knowledge, also represent the world’s first side by side field trials of 
stem and rhizome propagated M. × giganteus.  
The issue of senescence in M. × giganteus is assessed in the fifth chapter in a 
paper to be submitted to New Phytologist. Throughout this paper, evidence is presented 
that quantifies differential senescence in M. × giganteus of different ages, directly 
addressing what has only been alluded to in previous reports, and evaluated by ‘greenness 
indexes’ (Clifton-Brown and Lewandowski, 2000; Robson et al., 2012). A working 
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hypothesis linking incomplete senescence and winter mortality of first-year M. × 
giganteus is developed.  
Finally, in the “General Conclusion”, the sixth chapter, the results and overall 
findings of this dissertation will be summarized as ‘take-home messages’, and put into 
the context of a ‘bigger picture’. The goal of this chapter will be to outline how the 
results from this project may impact the future of biomass crop research generally and M. 
× giganteus research specifically.  
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Tables 
Table 1.1. Global climate change consequences  
Table adapted from Table SPM.1. from IPCC (2007). Selected climate change 
consequences with high probabilities. For thorough review see also IPCC (2007). 
    Affected sectors and consequences 
Effect on most 
land areas Probability Agriculture 
Water 
Resources Human Health 
Warmer days, 
less cool 
nights, More 
frequent hot 
days 
Virtually 
Certainα
Cool regions: 
Increased 
Yields Warm 
regions: 
decreased 
yields 
Larger flows 
from snow 
melt. 
Decreased 
flows in warm 
regions. 
Reduced cold 
exposure 
deaths 
Increased heat 
wave 
frequency 
Very Likelyβ Increased 
wildfire risks, 
decreased 
yields in warm 
regions 
Increased 
demand, 
decreasing 
water quality 
Heat related 
mortality 
increases 
More extreme 
precipitation 
events 
Very Likely Crop damage, 
soil erosion, 
spring 
waterlogging 
leads to lack of 
ability to 
cultivate 
Decreasing 
water quality 
of both surface 
and 
groundwater 
Increased 
injuries and 
deaths from 
flooding, 
increasing 
diseases, 
specifically 
respiratory and 
skin 
αVirtually Certain: 99-100 % Probability 
βVery Likely: 90-100 % Probability 
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CHAPTER 2.  EFFECTS OF TEMPERATURE, 
ILLUMINATION AND NODE POSITION ON STEM 
PROPAGATION OF MISCANTHUS × GIGANTEUS 
A paper published in Global Change Biology Bioenergy 
Nicholas N. Boersma and Emily A. Heaton 
Abstract 
The sterile triploid Miscanthus × giganteus is capable of yielding more biomass 
per unit land area than most other temperate crops.  Although the yield potential of M. × 
giganteus is high, sterility requires all propagation of the plant to be done vegetatively.  
The traditional rhizome propagation system achieves relatively low multiplication rates, 
i.e. the number of new plants generated from a single parent plant, and requires tillage 
that leaves soil vulnerable to CO2 and erosion losses. A stem-based propagation system is 
used in related crops like sugarcane, and may prove a viable alternative, but the 
environmental conditions required for shoot initiation from stems of M. × giganteus are 
unknown.  A study was conducted to investigate the effect of temperature, illumination 
and node position on emergence of M. × giganteus shoots. Stems of M. × giganteus were 
cut into segments with a single node each, placed in controlled environments under 
varied soil temperature or light regimes and the number of emerged shoots were 
evaluated daily for 21 days.  At temperatures of 20 and 25 C, rhizomes produced 
significantly more shoots than did stem segments (P = 0.0105 and 0.0594, respectively), 
16 
but the difference was not significant at 30 C, where 63 % of stems produced shoots 
compared to 80 % of rhizomes (P = 0.2037). There was a strong positive effect (P = 
0.0086) of soil temperature on emergence in the range of temperatures studied here (15-
30 ˚C). Node positions higher on the stem were less likely to emerge (P < 0.0001) with a 
significant interaction between illumination and node position. Planting the lowest five 
nodes from stems of M. x giganteus in 30 ˚C soil in the light resulted in 75 % emergence, 
which represents a potential multiplication rate 10-12 times greater than that of the 
current rhizome based system. 
Introduction 
Growing global awareness of the negative implications of fossil fuel use has led 
to an increased interest in alternative energy. Biofuels from perennial dedicated energy 
crops are increasingly expected to replace petroleum, and emerging legislation in the U.S. 
will require their use (Perlack &  Stokes (leads), 2011). Among dedicated energy crops 
there are particularly high hopes for the large, warm-season grass Miscanthus × giganteus
(Greef et Deu. ex Hodkinson et Renvoize) (Hodkinson &  Renvoize, 2001). Miscanthus × 
giganteus  is expected to make major contributions to biomass supply (Heaton et al., 
2008; Hastings et al., 2009; Bauen et al., 2010; Li et al., 2010; Sang &  Zhu, 2011), 
biofuel production (Hayes &  Hayes, 2009; Lemus &  Parrish, 2009; Reijnders, 2010; 
Solomon, 2010), soil carbon sequestration (Anderson-Teixeira et al., 2009; Lal, 2009; 
Blanco-Canqui, 2010), the economy (Scheffran &  BenDor, 2009; Bocqueho &  Jacquet, 
2010; Jain et al., 2010; James et al., 2010) and climate change mitigation (Georgescu et 
al., 2009; Hillier et al., 2009; Rowe et al., 2009; Smeets et al., 2009; Georgescu et al., 
2011).  
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Although M. × giganteus has not been improved through breeding, this naturally 
occurring hybrid exhibits many ideal traits needed in a dedicated energy crop 
(Lewandowski et al., 2000; Jones &  Walsh, 2001; Heaton et al., 2004).  Key among 
these traits is biomass yield;  M. × giganteus yields substantially more biomass per unit 
area than switchgrass (Panicum virgatum L.) (Heaton et al., 2008) and corn (Zea mays 
L.) (Dohleman &  Long, 2009) in the U.S. Corn Belt making it more economically viable 
than other perennial grasses (Khanna et al., 2008).   
In addition to being highly productive, M. × giganteus is a naturally sterile 
allotriploid (2n = 3x = 57) (Greef &  Deuter, 1993; Hodkinson et al., 2002; Nishiwaki et 
al., 2011).  Sterility is an important trait for a dedicated energy crop to minimize its 
potential to become invasive or weedy (Raghu et al., 2006; Gutterson &  Zhang, 2009).  
Although sterility does not guarantee a lack of invasiveness, it strongly inhibits it, and M. 
× giganteus has been shown to pose less of a risk of becoming invasive outside of its 
native range than fertile Miscanthus sinensis Andersson varieties, switchgrass or giant 
reed (Arundo donax L.) (Barney &  Ditomaso, 2008; Quinn et al., 2010; Gordon et al., 
2011). 
While sterility limits the invasive potential of M. × giganteus, it also makes 
propagation and establishment more challenging (Clifton-Brown &  Lewandowski, 2000; 
Lewandowski et al., 2000; Hocking et al., 2008; Pyter et al., 2010), resulting in high 
planting costs that reduce profitability and limit adoption by farmers (Khanna et al., 
2008; James et al., 2010).  Currently the majority of M. × giganteus propagation and 
establishment is achieved using a rhizome based system (Atkinson, 2009).  Hand harvests 
of M. × giganteus rhizomes have been shown to yield relatively low numbers of rhizomes 
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for propagation, with first-year stands showing a multiplication rate of 7 – 10 and second-
year stands yielding 25 – 30 rhizomes per parent plant (Pyter et al., 2009).  In addition to 
a relatively low return, harvesting rhizomes requires digging up the parent stand, which 
reverts it back to a “year one” stand and leaves exposed soil vulnerable to CO2 losses and 
erosion.   
An alternative to rhizome propagation is stem propagation.  Other cane grasses 
such as bamboos (Ramanayake &  Yakandawala, 1997; Shirin &  Rana, 2007), teosinte 
(Zea diploperennis Iltis, Doebley & Guzman) (Zale et al., 2008) and giant reed (Wijte et 
al., 2005) have been shown to propagate from aerial stem segments.  Sugarcane 
(Saccharum officinarum L.), a closely related species to M. × giganteus, is propagated 
entirely by stems on a commercial scale (James, 2004).  Could a stem propagation system 
be appropriate for M. × giganteus?  
A stem propagation system could minimize disturbance to soil and parent stands 
and offer higher multiplication rates than achieved through rhizome propagation. For 
example, we have observed that a typical M. × giganteus plant in Iowa, USA has 20 
stems with 10 nodes (with axillary buds) per stem by the end of its first growing season.  
A multiplication rate of 200 would be possible if each of these nodes were able to 
generate a new plant, 20 times greater than published rhizome multiplication rates 
(Atkinson, 2009; Pyter et al., 2009). Multiplication rate will be essential in determining 
how long it will take to establish enough M. × giganteus to meet the legislated biofuel 
goals.  At recommended planting rates of 12,000-16,000 plants ha-1 (Atkinson, 2009), 
192 billion plants will be required to offset just 20 % of current U.S. gasoline use (Heaton
et al., 2008). 
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While no primary, peer-reviewed research articles have investigated M. x 
giganteus stem propagation methods, Atkinson (2009) called for research and stressed its 
potential importance to M. x giganteus production in the UK. In a published meeting 
abstract, Hong and Meyer (2007) suggested that stem propagation may be possible, but 
the success of the system is variable. They found that node position on the stem had an 
effect on rooting success but only evaluated four of the ca. 16 nodes that can be found on 
a mature M. x giganteus stem. Though Hong and Meyer (2007) did not present values for 
the number of new plants generated in their experiment, they did raise the possibility that 
stem propagation of M. x giganteus is feasible and should be investigated.
What environmental factors favor successful production of M. x giganteus from 
stem nodes?  In general, temperature is a strong regulator of plant growth and 
development in perennial, rhizomatous grasses. For example, McIntyre (1967) found 
reducing the growth temperature of quackgrass (Elymus repens L. Beauv) from 27 °C to 
10 °C strongly influenced both the number of axillary buds that developed as well as the 
type of organ, aerial stem or rhizome, that they produced. In giant reed, a grass similar to 
M. × giganteus in that it spreads predominately by rhizomes, but can also reproduce from 
stem segments (Bell, 1997),  Wijte et al. (2005) found that 100 % of stem node segments 
could successfully produce roots at relatively cool temperatures (10-22.5 °C). Though 
naturalized to many warm regions of the world, giant reed uses the C3 photosynthetic 
pathway and these cool temperatures should support its growth. By contrast, M. x 
giganteus is productive at cool temperatures but uses the C4 photosynthetic pathway 
(Beale et al., 1996; Naidu &  Long, 2004) and could conceivably require warmer 
temperatures for shoot initiation from stem axillary buds. Smit (2011) found emergence 
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from sugarcane stem pieces to increase linearly with temperature, with best emergence at 
30 °C and no emergence below 18 °C.   
Light is another environmental factor that may strongly control shoot initiation, 
but is yet to be investigated in M. x giganteus. The timing, quantity and quality of light 
can all influence both the germination of seeds and the development of new shoots in 
grasses (Lambers et al., 1998; Barnes et al., 2007). McIntyre (1967) found that reducing 
the time quackgrass buds were exposed to light from 18 to 9 h strongly promoted shoot 
growth at the expense of rhizome development, though the intensity of light had no 
effect. In sugarcane, increasing the amount of light that reached the base of existing stalks 
increased production of new shoots (Bonnett et al., 2005).  Bonnett et al. (2005) also 
observed that edge plants and plants adjacent to lodged plants showed increased tillering. 
Given that stem propagation of M. × giganteus is possible and could improve crop 
production and the economics of this crop, the present study was conducted to answer 
three questions: How does 1) temperature, 2) illumination and 3) node position influence 
emergence of M. × giganteus shoots from stem nodes?  
Materials and Methods 
Plant material 
The Illinois clone of M. × giganteus (Caveny Farm, Monticello, IL, USA) was 
used in both experiments described below.  Plants were greenhouse-grown in Ames, IA 
(42°03’N, 93°64’W) in 15 cm diameter pots with 1.85 L of potting media (Sunshine® 
LC1 mix, Sun Gro® Horticulture, Vancouver, BC, Canada) under natural ambient 
sunlight which varied daily and seasonally, and 8 h of supplemental light (500 µmol m-2
s-1). Plants were grown under a 35/25 ˚C day/ night temperature regime. Though the room 
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was well-ventilated, the plants were not kept under windy conditions. Plants were 
watered every other day as needed and fertilized weekly with Peters® Excel 15-5-15 
NPK (Scott’s – Sierra Horticultural Products Company, Marysville, OH).   
Experiment 1: Temperature and propagule effects 
The effect of soil temperature (15, 20, 25, or 30° C) on shoot emergence from M. 
× giganteus stem nodes was examined in two controlled environment chambers 
(Conviron® CMP3244 , Conviron®, Winnipeg, Canada).  The experiment was 
conducted in a split-plot incomplete block design with two of the four possible 
temperatures considered in each incomplete block.  Each soil temperature (15, 20, 25, 30° 
C) was replicated three times, and each temperature was paired with every other 
temperature i.e. all possible combinations of two temperatures were considered (Table 
2.1).  
A single stem (Fig. 2.1a) was randomly selected from each of 10 pots of M. ×
giganteus.  Stems used in this experiment came from plants with 5-17 nodes per stem and 
3-22 stems per plant.  Leaves were removed from the stem to reveal individual nodes 
(Fig. 2.1b) and the first five nodes were excised as single node segments with the node, 
and its associated axillary bud, centered on the segment (Fig. 2.1c). The node segment 
closest to the soil surface was considered ‘node one’ and numbering progressed upward 
toward the shoot apex.  A single rhizome was also harvested from each plant for a total of 
10 stems x (5 nodes + 1 rhizome) = 60 propagules in each block. Propagules were planted 
horizontally just below the soil surface in approximately 918 cm3 pots filled with potting 
media (Sunshine® LC1 mix, Sun Gro® Horticulture, Vancouver, BC, Canada). Stem 
segments were completely covered by potting media, such that no green tissue was 
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visible. Pots were directly placed in a controlled environment chamber with 16 h/8 h 
light/dark periods and an average photosynthetic photon flux density of 500 µmol m-2 s-1.  
Given there was a range of parent plant size and stage, randomization was done at an 
individual propagule level ensuring that nodes 1-5 and the rhizome from an individual 
parent plant were distributed randomly among the treatments. Emergence of new shoots 
was assessed daily for 21 days.   
Experiment 2: Illumination and node position effects 
The effect of the presence or absence of illumination on emergence of M. ×
giganteus stem nodes was examined in a single controlled environment chamber 
(Conviron® CMP3246, Conviron®, Winnipeg, Canada).  The experiment was conducted 
in a split-plot incomplete block design with each illumination treatment replicated 3 
times. Each block considered a single illumination treatment, light or dark, and the order 
of blocks was completely randomized. The dark treatment had a light/dark period of 
0h/24h and the light treatment had a light/dark period of 16h/8h with an average 
photosynthetic photon flux density of 507 µmol m-2 s-1.  The controlled environment 
temperature was set to hold a constant soil temperature of 30 °C that was confirmed with 
a thermometer on the soil surface.   
A single stem (Fig. 2.1a) was randomly selected from a population of stems with 
10-16 nodes in each of 10 pots of M. × giganteus.  Leaves were removed from the stem to 
reveal individual nodes (Fig. 2.1b), and the basal 10 nodes were excised as single node 
segments with the node, and its associated axillary bud, centered on the segment (Fig. 
2.1c). 
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Propagules were planted horizontally just below the surface in approximately 918 
cm3 pots filled with potting media (Sunshine® LC1 mix, Sun Gro® Horticulture, 
Vancouver, BC, Canada). Stem segments were completely covered by potting media, 
such that no green tissue was visible. Pots were then randomly placed in a controlled 
environment chamber set with appropriate illumination conditions.  Emergence was 
evaluated daily for 21 days.  
Data analyses 
Data were analyzed using PROC GLIMMIX adjusted for binary data (SAS 
software version 9.2, SAS Institute Inc., Cary, NC, USA).  Fisher’s least significant 
difference test was used for pairwise comparisons and one-way or two-way ANOVA was 
used to determine differences between main effects.  Contrast statements were used to 
compare group means where appropriate.  There was no effect of block in either 
experiment so the experiment was analyzed as a split plot design.  Temperature and 
illumination were tested using the whole plot error and propagule and node position were 
tested using the sub-plot error in each experiment. In each experiment, the date of 
initiation was included in the model as a continuous covariate to determine the effect of 
time over the course of the experiment. 
Results 
Temperature and propagule effects 
This experiment investigated the effect of soil temperature on the emergence of 
M. x giganteus shoots from different vegetative propagules, i.e., stem node segments 
versus rhizome segments. Only the first five nodes from the base of the plant were 
considered. Averaged over the range of temperatures tested, the number of M. ×
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giganteus shoots that emerged differed significantly depending on  the propagule type 
planted, i.e., stem segments or rhizome (P = 0.0230, Table 2.2).  
Specific contrast statements revealed that among stem segments, there was no significant 
effect of node position on emergence (P = 0.2499). Averaged over temperatures, 51.7 % 
rhizomes emerged, which was significantly higher than the 30 % emergence rate 
observed from stem segments (P = 0.0015).   
Temperature had a strong effect on emergence rates of both stem segments and 
rhizomes (P = 0.0086, Table 2.2). The low overall average of stem emergence was driven 
largely by the relatively low emergence at 15 °C. While only 4 % of stem nodes produced 
shoots at 15 °C, 63 % emerged at 30 °C, which did not differ significantly from the 80 % 
emergence for rhizomes at the same temperature (P = 0.2037, Fig. 2.2). Also, rhizome 
and stem emergence did not differ significantly at 15 °C (P = 0.1738); therefore, the 
overall difference between rhizome and stem node emergence observed in the main effect 
was driven by the difference in emergence at 20 and 25 °C (P = 0.0105 and P = 0.0594, 
respectively, Fig. 2.2).  
Illumination and node position effects 
Illuminated stem segments exhibited a 58 % emergence rate.  Although this was 
higher than the 48 % emergence rate from non-illuminated stems, the main effect of 
illumination was not significant (P = 0.6809, Table 2.3).  
Consistent with the temperature analysis of Experiment 1, the effect of node position was 
not significant when considering only the first five nodes (P = 0.1712). However, 
expanding our scope to consider ten nodes indicated a significant effect of node position 
on emergence success (P < 0.0001, Table 2.3, Fig. 2.3). Node positions above ‘node four’ 
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showed a negative relationship between increasing node position and emergence, i.e., 
nodes higher on the stem exhibited a lower emergence rate (Fig. 2.3).  The majority of 
new shoots came from the lower five nodes. Contrast statements showed that the 
difference in emergence success of nodes 1-5 (75 %) and 6-10 (26 %) was highly 
significant (P < 0.0001). 
A significant interaction of illumination treatment and node position was observed 
in this experiment (P = 0.0108, Table 2.2, Fig. 2.4). Illuminated conditions resulted in 
more shoots emerging from lower nodes than under non-illuminated conditions, while 
upper node emergence was consistently lower for both illumination conditions.
Discussion 
 The main finding of this study is that M. × giganteus can be propagated from stem 
nodes under controlled conditions, especially those from the bottom portion of the stem. 
Three specific questions were addressed in this study and each is now considered.  
How does soil temperature influence emergence of M. × giganteus shoots from stem 
segments? 
 Here we showed that M. × giganteus stem segments exhibited higher shoot 
emergence with warmer soil temperatures. Though investigating shoot initiation, not root 
initiation, our study is generally consistent with the finding that giant reed increased 
rooting percentage at higher temperatures (Wijte et al., 2005).  However, giant reed was 
shown to exhibit 100 % rooting at the relatively cool temperature of 17.5 ˚C after 40 days 
(Wijte et al., 2005) whereas we found a mean of 77 % of M. × giganteus stem nodes 
tested had emerged after 21 days at the considerably warmer temperature of  30 ˚C.  This 
rate is higher than has been reported for teosinte under a similar growing temperature (26 
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˚C).  Zale et al. (2008) reported 54.5 % and 37.5 % of planted stem nodes produced 
plants for Zea diploperennis and Zea perennis (Hitchc.) Reeves and Magelsdorf, 
respectively (Zale et al., 2008).   
One of the main advantages of M. × giganteus is high productivity at cool 
temperatures (Beale &  Long, 1995). Rhizomes have indirectly been considered a key to 
this success, since they are generally able to initiate growth and supply an actively 
growing shoot at temperatures that would slow a maize seedling (Clifton-Brown &  
Jones, 1997; Naidu &  Long, 2004).  For example, it was found that rhizomes from 
Miscanthus x giganteus could initiate new shoot emergence at temperatures as low as 9 
˚C (Farrell et al., 2006), when allowed 60 days for shoot emergence. Interestingly, here 
we found very little difference in growth of rhizomes and stem node pieces at cool 
temperatures (15 C), where growth from either propagule was low (Fig. 2.1), or at warm 
temperatures (30 C) where growth from both propagules was high, at 63 % for stem 
nodes and 80 % from rhizomes after 21 days. The significant differences between 
propagule types were seen at the moderate temperatures of 20 and 25 ˚C, temperatures 
typical of warming soils during early summer when M. × giganteus would be planted. 
One implication of this result is that a stem propagation system may require an 
intermediary greenhouse step to establish plants when soil temperatures are too cool in 
the early spring, which would need to be considered if this system were implemented on 
a commercial scale.  
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How does illumination influence emergence of M. × giganteus shoots from stem 
segments? 
 Grasses can respond to light both through tillering and seed germination (Barnes 
et al., 2007; Lambers et al., 1998). Here we showed that light impacts vegetative 
propagation from basal axillary buds of M. × giganteus stems which account for the 
majority of total emergence from stem segments. This result is consistent with the finding 
that increased light reaching the base of stalks increases axillary bud outgrowth through 
tillering in sugarcane (Bonnett et al., 2005).   
How does node position influence emergence of M. × giganteus shoots from stem 
segments? 
 Hong and Meyer (2007) reported that in M. × giganteus the most basal node 
exhibited the greatest rooting success and rooting decreased for nodes 2-4; we found no 
significant difference in shoot emergence from nodes 1-5.  However, when ten nodes 
were considered we found a negative relationship between node position and emergence 
for nodes beyond ‘node four’.  Our working hypothesis for this result is the well-known 
inhibition of subsidiary axillary buds by the shoot apical meristem via auxin controls 
(Thimann &  Skoog, 1933). Because the lowest five nodes on the stem behave very 
similarly to each other when responding to the light and temperature changes tested in 
this experiment, it could be that the lower nodes had reached some critical maturity stage, 
or distance from the shoot apical meristem, as indicated by the linear decrease in shoot 
emergence with increasing proximity to the shoot apical meristem.   
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Multiplication rate 
 To offset just 20 % of U.S. gasoline demand using M. × giganteus will require an 
estimated12 million ha of land (Heaton et al., 2008).  At recommended planting rates of 
12,000-16,000 plants ha-1 (Atkinson, 2009) this will require 192 billion plants.  Quickly 
scaling up the limited M. × giganteus available in the U.S. to this level necessitates a 
higher annual multiplication rate than the 10-30 that can be achieved with a traditional 
rhizome system.  Here we showed that under optimal conditions, a 75 % emergence rate 
from stem nodes was possible.  While field performance of plants generated under this 
system is still being evaluated, potential rates of multiplication are high: given that a 
typical first-year stand of M. x giganteus has 20 stems per plant, if five nodes per stem 
were used, a multiplication rate of 75 is achievable in the first season (0.75×20×5). 
Although it is unknown whether stems may be planted directly into the field, our 
temperature experiment seems to indicate that in temperate climates an intermediary 
greenhouse step would be required to generate plugs that could then be transplanted to 
the field when soils warm in the spring. We anticipate these plugs would perform 
similarly to rhizome grown plants, but more investigation would be required to 
characterize the field performance of stem propagated plugs.  
A stem propagation system has great potential to increase the multiplication rate 
of M. × giganteus, while avoiding soil disruption and impairment to the parent stand 
given proper management to account for nutrient removal from harvesting green stems.  
Using the first five nodes of each stem and growing them in warm soil under illuminated 
conditions may result in 10-12 times greater multiplication than the conventional rhizome 
based system.  
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Tables 
Table 2.1. Experimental layout for temperature experiment 
Each propagule was replicated 5 times and completely randomized within each 
temperature treatment.  Propagule number refers to node position, and ‘R’ refers to a 
rhizome.
 Run 
 1 2 3 4 5 6 
Temp (°C) 30 25 20 15 15 25 25 20 20 30 30 15 
Propagules 1 1 1 1 1 1 1 1 1 1 1 1 
 2 2 2 2 2 2 2 2 2 2 2 2 
 3 3 3 3 3 3 3 3 3 3 3 3 
 4 4 4 4 4 4 4 4 4 4 4 4 
 5 5 5 5 5 5 5 5 5 5 5 5 
 R R R R R R R R R R R R 
Table 2.2. Overall ANOVA table for temperature and propagule effects 
zdf, degrees of freedom 
Source dfz F P 
Propagule 5 2.65 0.0230 
Temperature 3 9.61 0.0086 
Propagule × Temperature 15 0.78 0.6961 
Date 1 1.07 0.3418 
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Table 2.3. Overall ANOVA table for light and node position effects 
Source dfz F P
Light 1   0.19 0.6809 
Node  9 13.07 <0.0001   
Light × Node 9   2.41 0.0108 
Date 1   1.07 0.1233 
zdf, degrees of freedom 
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Figures 
Figure 2.1. Photographic depiction of M. × giganteus stem segments  
a) M. x giganteus stem with attached leaves. b) Leaves were removed to expose nodes 
and associated axillary buds to be used in experiments. c) Stem segments were cut to 
single node segments for use in temperature and illumination experiments.  White bar 
indicates 8 cm in each panel. 
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Figure 2.2. Mean emergence of shoots from propagules of M. × giganteus
Stem segments and rhizomes were planted horizontally and placed in controlled 
environment chambers set to maintain soil temperatures as indicated. Emergence was 
assessed daily for 21 days.  Stem emergence shown was averaged over node positions 1-
5, and means were calculated from 75 stem segments for each temperature.  Rhizome 
emergence was calculated from 15 rhizomes for each temperature.  Error bars indicate 
standard error of the mean, and asterisk indicates significant difference within a 
temperature treatment (P < 0.06). 
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Figure 2.3. Node position effect on shoot emergence from stem segments of M. × 
giganteus. 
Stem segments were planted and grown in illuminated or non-illuminated controlled 
environments with a soil temperature of 30 ˚C.  Node position numbering begins at the 
lowest node and increases towards the shoot apex.  Emergence was observed daily for 21 
days.  Means were calculated from 60 stem segments, and error bars indicate standard 
error of the mean.  Means with the same letter are not statistically different at P = 0.05. 
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Figure 2.4. Mean emergence of illuminated or non-illuminated stem segments over 
node positions. 
Each illumination treatment was replicated three times.  Stem segments were grown in 
controlled environments set to maintain a soil temperature of 30 ˚C.  Emergence was 
assessed daily for 21 days.  Points are the mean of 30 stem segments at each node 
position, and error bars indicate standard errors of the means.  
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CHAPTER 3. PROPAGATION METHOD AFFECTS 
MISCANTHUS × GIGANTEUS DEVELOPMENTAL 
MORPHOLOGY 
Part 1 of a 2-part series on the effects of Miscanthus × giganteus propagation method on 
growth and productivity 
A paper submitted to Industrial Crops and Products in revision 
Nicholas N. Boersma and Emily A. Heaton 
Abstract 
The Illinois clone of Miscanthus × giganteus has many traits of an ideal biomass 
crop, including sterility, which significantly limits invasive potential. However, this 
sterility necessitates vegetative propagation, a time and labor intensive process that 
currently challenges the crop’s adoption. Traditionally propagated by rhizome segments, 
M. × giganteus can also reproduce by stems like its relative, sugarcane. Previous work 
indicates, however, that non-traditional propagation of M. × giganteus can affect 
developmental morphology of resultant plants in the field. We investigated the effect of 
stem propagation on developmental morphology (part I, this paper), and survival and 
yield (part II), of field-grown M. × giganteus (Illinois clone) plants at three locations in 
Iowa, USA over a three-year establishment period. Although stem propagation affected 
morphology compared to traditional rhizome propagation, the differences were less 
pronounced than reported for hormone-aided micropropagation. Observed differences 
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(and similarities) between stem and rhizome propagated plants were consistent between 
different growing environments and years, despite extreme weather. Rhizome propagated 
plants had larger basal circumferences (146.2 cm vs. 134.7 cm on average, P = 0.0107), 
but stem propagated plants had more stems per plant (38 vs. 33 on average, P = 0.0492) 
suggesting that these two propagation techniques result in plants with different growth 
strategies but may achieve similar yields. Though small, these differences persisted 
consistently over the three-year duration of this experiment, suggesting morphological 
differences may be maintained over time in mature stands of M. × giganteus.    
Introduction 
Biofuel demand 
In an effort to reduce petroleum use, the United States Congress legislated that 
136 billion L of biofuels be used by 2022, 79.5 billion L of which must come from non-
starch sources, e.g., advanced biofuels (Energy Independence and Security Act, 2007). In 
2012, the United States produced 50.4 billion L of ethanol (Renewable Fuels Association, 
2013).  Although a substantial increase over the 2007 production of 24.6 billion L 
(Renewable Fuels Association, 2013), only 6.6 billion L of the mandated non-starch 
biofuel were produced in 2012 (US EPA, 2013), limited in part by the lack of cheap, 
abundant, non-food feedstocks.  The energy crop Miscanthus × giganteus (Greef et Deu. 
ex Hodkinson et Renvoize) (Hodkinson and Renvoize, 2001) (hereafter referred to simply 
as ‘M. × giganteus’) has been identified as a leading candidate to not only provide this 
needed feedstock (Heaton et al., 2008), but also multiple ecosystem services (Smith et al., 
2013).  
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Field trials to date have shown the Illinois clone of M. × giganteus to be 
particularly productive in the Midwestern United States (Dohleman et al., 2012; Kiniry et 
al., 2013), but predictions of expected productivity in this region are limited by a paucity 
of field data on growth, development and yield over a range of geographic, 
environmental and temporal conditions (Nair et al., 2012). We aim to address this 
knowledge gap by assessing M. × giganteus growth and developmental morphology (this 
paper, Boersma & Heaton Part I) as well as survival and yield (Boersma & Heaton Part 
II) during the three-year establishment period in three distinct growing regions in Iowa, 
USA, a leading agricultural state for which no M. × giganteus field data has yet been 
published.  In addition to providing this needed primary data, we specifically investigate 
competing methods of plant propagation suspected to differentially affect M. × giganteus
productivity. 
Sterility 
Although M. × giganteus exhibits many traits of an ideotypic bioenergy crop 
(Heaton et al., 2004; Jones and Walsh, 2001; Somerville et al., 2010), propagation of this 
highly productive hybrid is particularly challenging due to its triploid genome and 
inherent sterility (2n = 3x = 57) (Greef and Deuter, 1993; Hodkinson et al., 2002; 
Nishiwaki et al., 2011). This sterility, although ideal for minimizing invasive potential 
(Barney and Ditomaso, 2008; Gutterson and Zhang, 2009; Raghu et al., 2006), 
necessitates vegetative propagation, currently an expensive process challenging the 
economics of M. × giganteus (James et al., 2010; Khanna et al., 2008). 
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Planting stock 
 Producing many plants vegetatively takes much longer than reproduction by seed, 
a concern since a massive number of M. × giganteus plants must be grown to 
significantly offset fossil fuel use. A European review of M. × giganteus propagation 
indicated 500 million plants would be required to meet 25 % of renewable energy goals 
in the UK (Atkinson, 2009).  In the US, to offset just 20 % of petroleum use would 
require a staggering 180 billion plants at currently prescribed planting densities of 15,000 
plants ha-1 (Heaton et al., 2008).  For comparison, this is similar to the number of maize 
(Zea mays L.) plants needed to plant 2.6 million ha, or roughly half the 2011 Iowa maize 
crop (Iowa Department of Agriculture and Land Stewardship, 2011).  Because it does not 
fit into the seed industry model for arable crops, Atkinson (2009) highlighted that an 
efficient and cost effective propagation system is urgently needed for M. × giganteus to 
achieve its potential at commercial scale. 
Though private industry is developing improved methods for M. × giganteus
rhizome propagation, traditional rhizome propagation is still the predominant method of 
M. × giganteus clone regeneration. This system has inherent drawbacks, however, and 
other options are needed to meet the growing M. × giganteus demand (Atkinson, 2009).  
For example, traditional rhizome propagation requires intensive excavation of existing 
fields, leaving them susceptible to erosion and CO2 losses. Harvesting rhizomes also 
significantly impacts the productivity of parent M. × giganteus plantations by essentially 
restarting them as first-year stands.  Further, obtaining field-grown rhizomes of consistent 
size and quality requires significant post-harvest quality control, typically done by 
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intensive manual inspection and sizing of each rhizome to ensure compatibility with 
planting equipment. 
The disadvantages of rhizome propagation led some European researchers to rely 
on micropropagation of M. × giganteus using tissue culture, but this system had its own 
problems, including altered plant morphology and reduced winter hardiness following 
planting as described by Lewandowski (1998). By contrast, grasses such as bamboos 
(Bambusoideae spp.) and giant reed (Arundo donax L.) that are difficult to propagate 
from seed have instead been propagated using stems (Ramanayake and Yakandawala, 
1997; Shirin and Rana, 2007; Wijte et al., 2005).  In sugarcane (Saccharum officinarum
L.), which is very closely related to M. × giganteus, stem propagation is standard practice 
in commercial production (James, 2004).  
A system utilizing aboveground stems for propagation has been suggested 
(Atkinson, 2009; Hong and Meyer, 2007) and demonstrated for M. × giganteus (Boersma 
and Heaton, 2012; Meyer and Hong, 2011).  Boersma and Heaton (2012) found stem 
propagation may be up to 12 times more prolific than rhizome propagation. While 
specialized planting equipment for M. × giganteus rhizomes is limited in the US, the 
physically uniform plants generated from stem propagation are compatible with 
commercially available transplanting equipment widely used in the vegetable and tobacco 
industries.  Further, propagating M. × giganteus from aerial tissues avoids disturbance of 
both soil and the perennating rhizome system.  However, though alternative propagation 
methods such as stem propagation and micropropagation may seem advantageous 
compared to traditional rhizome propagation, it is possible they could negatively impact 
M. × giganteus morphology, yield and survival in the field.  
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Propagation method can change M. × giganteus growth and development 
(Lewandowski, 1998). In Germany, fields established from small, micropropagated 
plants had more, but thinner stems than rhizome plants (RPs ) generated through the 
traditional method, and these differences persisted throughout the three-year 
establishment phase (Lewandowski, 1998).  The growth and morphology of M. × 
giganteus established from stem propagated plants (SPs) during the critical first three 
years of growth is currently unknown.  Are the vegetatively propagated SPs 
interchangeable with the more familiar RPs?  Or, are there lasting differences in the 
development and appearance of SPs, as with micropropagated plants? 
Materials and Methods 
Field description 
 Field trials were established in spring 2009 at three Iowa State University research 
farms in Northwest, Central and Southwest Iowa, USA (Table 3.1).  Cropping history of 
the three sites was similar: glyphosate-resistant soybean [Glycine max L. (Merr.)] rotated 
annually with maize; soybeans were grown in 2008. 
Plant material 
M. × giganteus (Illinois clone) rhizomes were harvested from Caveny Farm fields 
(Monticello, IL, USA) in October 2008.  Half of the rhizomes harvested were randomly 
selected and cut into individual segments (Fig. 3.1), and stored in plastic containers with 
moist paper towels in cold storage (5 °C) at Iowa State University, Ames, IA, USA.  The 
remaining rhizomes were shipped to Speedling Inc. (Sun City, FL, USA), where new 
plants were established using a proprietary method similar to that described by Boersma 
and Heaton (2012).  Resultant SPs (Fig. 3.2) were shipped to the Iowa State University 
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Agricultural Engineering & Agronomy Farm (Boone, IA, USA) and cold stored at 7 °C 
until planting in May, 2009.  Stem propagated plants arrived 2 weeks before planting 
commenced, and all sites were planted within 5 d of each other (Table 3.1). 
Plot establishment and maintenance 
Field sites were tilled prior to planting in 2009 to ensure a good seed bed for 
establishment. Eight plots were established at each location in a completely randomized 
design with 4 replicates (n = 4) of each propagule (directly planted rhizomes and SPs).  
At each location, a pointed metal bar was used to open holes in the soil into which either 
a rhizome or an SP was placed, along with 350 mL of water. Once planted, soil was 
packed around the newly planted M. × giganteus and another 350 mL of water was 
poured over the packed soil. On the same day, extra rhizomes and SPs were planted at the 
border of each respective plot and used to replace dead plants during the first two months, 
giving a final effective plot size of 14 × 14 rows (10.7 × 10.7 m = 114.5 m2) with 0.76 m 
plant spacing between and within rows. Field maintenance was performed at each 
location to minimize weed pressure and plant losses (Table 3.2).  Hand irrigation was 
performed as needed on SPs until newly emerging shoots were observed which usually 
occurred within two weeks. Rhizome plants did not require irrigation for emergence or 
early growth. 
Morphological measurements 
Height was measured on a randomly selected tiller within each randomly selected 
plant. In order to ensure a reliable and repeatable measurement of height, a meter stick 
was used to measure the distance between the soil and the collar of the uppermost fully-
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expanded leaf.  Once plants grew too tall for meter sticks, long, rigid pieces of 
demarcated PVC pipe were used to measure plant height. 
All tillers of each randomly selected plant were counted.  Tillers were only 
counted if they had at least one fully-expanded leaf.  As the canopy developed, shading 
increased to the lower portions of the plant, and small tillers senesced.  Once these small 
tillers were completely brown, they were no longer counted toward the total tiller count 
for that particular plant. 
Stem diameter was measured on a single, randomly chosen tiller within the 
sampling plant.  Digital calipers (Carbon fiber Traceable® model, Fisher Scientific, 
Pittsburgh, PA, USA) were used to measure the diameter of the tiller equidistant between 
the soil and first palpable node. 
All living tillers counted during the tiller count contributed to the basal 
circumference measurement.  A measuring tape was wound around all living tillers as 
close to the soil surface as possible.  The tape was pulled tightly together, but not tightly 
enough to bend any tillers. 
Weather data and accumulated growing degree days 
Weather data were measured onsite at Southwest and Northwest locations, and at 
the weather station closest to the Central Iowa research farm (15.5 km SE of the farm).  
Data were acquired from the Iowa Environmental Mesonet website (Iowa Environmental 
Mesonet, 2013).  Growing degree days (GDD) were calculated on a base 10 °C scale 
(Clifton-Brown et al., 2000), with an upper limit of growth at 30 °C (Eq. 3.1)(Gibson, 
2003) similar to McVicker (1946).  The last spring freeze was used as the start of each 
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growing season and GDD were calculated to accumulate from then until a killing freeze 
in the fall.  
Eq. 3.1: 
Statistical analyses 
To avoid pseudo-replication, values from the ten subsampled plants were 
averaged prior to analysis.  Following assessment of data for normalcy and outliers, the 
significance of treatment effects was determined by analysis of variance (ANOVA) with 
repeated measures (PROC GLIMMIX, SAS 9.2, SAS Institute, Cary, NC, USA).  
Specific contrast statements were used to determine mean comparisons within a growing 
season where appropriate, and all tests of significance were made at α < 0.05.  For these 
analyses, the linear additive model included propagation method and year as fixed 
effects, and site as a random effect.  Accumulated growing degree days (AGDD) were 
tested in the model as a continuous co-variant. 
Results 
Growth conditions 
Following replacement of failed plants within two months of planting in 2009, all 
plants established well with minimal overwinter losses and no further in-season mortality 
during the course of the experiment.  Weather conditions were generally consistent with 
the 30-yr average at the three locations (Figs. 3.3-3.4) with three deviations:  
1) A major flood occurred during the 2010 growing season in Central Iowa, and 
summer precipitation that year was above average at all locations.  In the months of June, 
July and August, precipitation at the Central location was 283, 173 and 285 mm, 
respectively, which was double the 30-yr average for that period (Fig. 3.3).  This excess 
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rainfall culminated in a late-summer flood, leaving standing water halfway up the stems 
of existing M. × giganteus plots at the Central Iowa research station for about 3 days 
(August 10-12, 2010).  
2) Spring temperatures were unseasonably cool in Central and Northwestern Iowa 
during 2011. 
3) Precipitation was well below average during the late summer and early fall of 
2011. 
Research hypotheses 
This experiment investigated three hypotheses, each of which will now be 
addressed in turn.  
1) If propagation method influences developmental morphology, then measurable 
differences will occur between SPs and RPs.
Throughout this experiment few differences were observed in the morphology of 
SPs and RPs, with two notable exceptions: basal circumference and tiller number.  
Overall, the basal circumferences of M. × giganteus RPs were significantly greater than 
those of SPs (P < 0.0107; Table 3.3; Fig. 3.5), but the RPs had fewer tillers than did SPs 
(P = 0.0492; Table 3.4; Fig. 3.6). 
2) If differences occur, then those differences will be consistent within seasons 
and locations.
When morphological differences occurred between SPs and RPs, they were 
consistent within the growing season, even when extreme weather occurred.  For 
example, with the exception of Central Iowa, which experienced a flood during the 2010 
growing season, neither basal circumferences nor tiller numbers changed significantly 
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throughout either growing season (P = 0.5616 and 0.9500, respectively; Figs. 3.5-3.6).  
Following the 2010 flood at the Central location, tiller numbers and basal circumferences 
of both SPs and RPs increased, yet their relative performance was maintained, i.e., SPs 
still had consistently more tillers than RPs, and basal circumferences were still similar. 
The relative morphological differences between RPs and SPs were consistent 
within both growing seasons, as evidenced by the lack of interaction between propagation 
method and AGDD for basal circumferences (P = 0.3815) and tiller numbers (P =  
0.9781). Also these differences were consistent across sites and years, indicated by 
insignificant three-way interactions of site × propagation method × year for basal 
circumferences (P = 0.4283) and tiller number (P = 0.1371)(Tables 3.3-3.4). 
We also found the opposite to be true; when measureable differences were not 
observed, those similarities were consistent within each growing season and between 
locations despite extreme weather within a growing season. This is illustrated by 
observations of plant height and stem diameter, neither of which were affected by 
propagation method (P = 0.3727 and 0.1929, respectively, Figs. 3.7-3.8).  The lack of 
height and stem diameter differences between SPs and RPs was consistent within both 
growing seasons (P = 0.5868 and 0.1149, respectively), between locations (P = 0.9064 
and 0.1397, respectively), and between years (P = 0.7714 and 0.2705, respectively).  
3) If differences occur, they will last throughout the first three years of M. × 
giganteus establishment.
Differences that occurred in the second year of growth were also present 
consistently in the third growing season.  For example, the effect of propagation method 
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on basal circumference and tillers per plant was consistent between locations and seasons 
(P < 0.05) despite the flood conditions in Central Iowa during 2010.  
Again, we found the contrary to be true, that when differences were not observed 
in a morphological characteristic between SPs and RPs those similarities were maintained 
across growing seasons.  Unlike basal circumference and tiller number, plant height and 
stem diameter did not seem to be influenced by the flooding that occurred in Central 
Iowa during 2010 (Figs. 3.7-3.8), but were strongly affected by AGDD in each year (P < 
0.0001).  Plant heights, predictably, were positively correlated with increasing AGDD, 
but surprisingly, stem diameters tended to decrease throughout the growing season (Fig. 
3.8).  The decreasing stem diameter was likely caused by stem elongation and was less 
noticeable in 2011 than in 2010, presumably because stem elongation slowed 
concomitantly with decreased precipitation, as illustrated by 2011 plant height 
trajectories (Figs. 3.7-3.8).  
Discussion 
Stem propagation weakly affects M. × giganteus morphology 
Previously reported effects of micropropagation on subsequent field growth of M.
× giganteus were more pronounced than effects observed here between vegetatively 
propagated RPs and SPs.  Lewandowski (1998) found that micropropagated M. × 
giganteus had significantly more tillers than RPs.  We also found that SPs produced more 
tillers per plant than traditional RPs, but while Lewandowski (1998) found that 
micropropagated M. × giganteus had thinner tillers and shorter stems, we did not.  
Though we found a weak tendency for RPs to have thicker stems than SPs, the difference 
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was insignificant (P = 0.1929; Fig. 3.8), as were differences in height (P = 0.3722; Fig. 
3.7).  
In vitro micropropagation of M. × giganteus uses multiple hormones, first to 
initiate callus formation and then to stimulate root and shoot initiation (Kim et al., 2010).  
As was described by Lewandowski (1998) and Christian and Haase (2001), these growth 
hormones promote increased tillering and aboveground growth, and may have had a 
lasting effect even after planting in the field. Residual hormonal response may explain 
why Lewandowski (1998) found a greater effect of propagation technique on stem 
diameters and plant heights.  However, stem propagation in this experiment was done 
vegetatively without growth hormones (Boersma and Heaton, 2012) and significant 
differences were still found, suggesting that increased tillering observed from 
aboveground propagation of M. × giganteus is not caused solely by exogenously applied 
growth hormones, but also by the inherent characteristics of aerial organs, including 
native hormone levels.  It is also possible that we saw smaller effects because we used the 
Illinois clone of M. × giganteus, and European trials typically used the Hornum clone, or 
didn’t specify.  
Consistency of RP and SP morphology between and within sites 
Although the height difference Lewandowski (1998) observed only occurred in 
the planting season at one location, other morphological differences were maintained 
throughout establishment at both locations considered in that experiment. Here we found 
similar results.  When morphological differences occurred, they were observed at all 
three locations over the three-year experimental duration.  Furthermore, for 
morphological characteristics that were not affected by propagation technique, 
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similarities existed between propagation methods at all locations throughout the duration 
of the experiment.  Differentially propagated plants also responded consistently to the 
extreme flood that took place at the Central Iowa location in August, 2010.  
Morphological characteristics that varied between SPs and RPs before the flood remained 
different after the flood and the characteristics that were similar before the flood 
remained so after.  
Flooding affects morphology of SPs and RPs similarly 
Obvious effects on basal circumference and tiller numbers per plant were 
observed following the recession of 2010 flood waters at the Central Iowa location (Figs. 
3.5-3.6).  The general increase in tillers per plant in Central Iowa contrasted with findings 
in switchgrass (Panicum virgatum L.) that a flooding treatment can result in a constant or 
decreased tiller number (Barney et al., 2009).  However, Barney et al. (2009) also showed 
that both a control moisture level and a flooding treatment resulted in plants with more 
tillers than plants which received a drought treatment.  This may indicate that conditions 
at the Central Iowa location, which has well-drained, sandy soils, may have been water 
limited before the flood, since early season precipitation was much lower than the 30-
year average (Fig. 3.3).  Although the other sites also experienced drier than average 
conditions during May, the sandier soil at the Central Iowa research farm may have left 
plants more susceptible to water limited conditions, and the flush of new tillers following 
the flood may not have been a response to flooding, but rather a response to the 
alleviation of drought conditions.  
An influx of dissolved nutrients is another possible explanation for increased 
growth following inundation with river water from the industrially farmed Iowa 
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landscape, where stream NO3- levels typically average 5 mg L-1 and can reach as high as 
18 mg L-1 (Hatfield et al., 2009) although the legal permissible level in drinking water is 
10 mg L-1.  Though nitrogen applications are not expected to affect tiller density in M. × 
giganteus (Danalatos et al., 2007), the sandy soils of the Central Iowa research farm may 
have been nutrient deficient by the time flooding occurred in August, and a growth spurt 
illustrated removal of that nutrient limitation.  
RPs and SPs may achieve similar productivity with differing strategies  
Interestingly, the morphological characteristics we found different here are also 
among the most correlated with yield in Miscanthus spp. (Jezowski, 2008).  Basal 
circumference and tillers per plant were both shown to have strong positive correlations 
with yield (Jezowski, 2008).Here we found that although RPs have greater basal 
circumferences, SPs had more tillers suggesting the productivity of plants generated from 
these two propagation methods is similar, though the growth habit is slightly different.  
Stem propagated plants tended to exhibit more of a bunchgrass habit, whereas RPs grew 
in a more typical rhizomatous growth habit.   
Conclusion 
Although rhizome propagation has been improving steadily, there are still 
inherent challenges associated with its large-scale use in M. × giganteus.  The relatively 
low multiplication factor associated with rhizome production, and the increasing demand 
for a cheap and consistent planting stock of M. × giganteus, led Atkinson (2009) to call 
for alternative propagation techniques.  Despite previous work that showed strong 
differences between M. × giganteus plants propagated from aboveground material and 
rhizomes (Lewandowski, 1998), we found only subtle differences in the morphology of 
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plants generated from stem segments when compared to traditional rhizome propagation.  
Additionally, the decreased basal circumference of SPs was offset by the increased 
number of tillers compared to RPs suggesting that SPs may be just as productive while 
simultaneously taking advantage of a system that may alleviate many challenges of the 
traditional rhizome propagation system.    
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Table 3.1. Location and soil characteristics at planting of three Iowa State University farms used to test propagation method 
effects of M. × giganteus developmental morphology  
Site Planting Date Coordinates Elevation 
(m) 
Dominate Soil Type Soil 
pH
OM 
(%)
NO3 - 
N 
(PPM)
P 
(PPM)
K 
(PPM)
Northwest 19 May 2009 42° 55' N, 
95° 32' W 
440.7 Fine-silty, mixed, 
superactive, mesic typic 
hapludoll 
6.23 5.60 15.4 20.5 165.8
Central 18, 20 May 
2009 
42° 03' N, 
93° 36' W 
275.2 course-loamy, mixed, 
superactive, mesic cumulic 
hapludoll 
7.24 0.15 7.5 41.4 93.2
Southwest 22 May 2009 41° 18' N, 
95° 10' W 
394.7 fine-silty, mixed, 
superactive, mesic, typic 
hapludoll 
6.54 4.60 15.1 30.1 213.5
Table 3.2. Weed control on field plots used to test propagation method effects on M. × giganteus developmental morphology 
Site 2009 2010 2011 
 Weed Control 
Method 
Herbicide Rate and Active 
Ingredient 
Weed Control 
Method 
Herbicide Rate and Active 
Ingredient 
Weed Control 
Method 
Northwest Mechanical N/A Prowl® H20 
BASF (Florham 
Park, NJ)       
4.7 L Product ha-1
N-(1-ethylpropyl)-3,4-dimethyl-
2,6-dinitrobenzenamine 38.7 % 
None Required 
   Saber® 2,4-D    
Loveland 
Products Inc. 
(Greeley, CO)       
2.3 L Product ha-1
2,4-Dichlorophenoxyacetic Acid 
(Dimethylamine salt) 46.6 %  
Central Prowl® 3.3 EC  
BASF 
(Florham Park, 
NJ)               
3.5 L Product ha-1
N-(1-ethylpropyl)-3,4-
dimethyl-2,6-
dinitrobenzenamine 37.4 %  
Prowl® 3.3 EC   
BASF (Florham 
Park, NJ)             
4.7 L Product ha-1
N-(1-ethylpropyl)-3,4-dimethyl-
2,6-dinitrobenzenamine 37.4 %  
None Required 
   Amine 400 2,4-
D 
PBI/Gordon 
Corporation 
(Kansas City, 
MO)         
2.3 L Product ha-1
2,4-Dichlorophenoxyacetic Acid 
(Dimethylamine salt) 46.7 %  
Southwest Mechanical N/A Prowl® 3.3 EC   
BASF (Florham 
Park, NJ)              
4.7 L Product ha-1
N-(1-ethylpropyl)-3,4-dimethyl-
2,6-dinitrobenzenamine 37.4 %  
None Required 
   Weedone® LV4 
2,4-D Nufarm 
Americas Inc. 
(Alsip, IL) 
2.3 L Product ha-1 
2,4-Dichlorophenoxyacetic Acid 
(Ester Formulation) 67.2 % 
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Table 3.3. Mixed Model ANOVA for basal circumference 
M. × giganteus was grown from stem propagated plants (SPs) or rhizomes (RPs) at three 
locations in Iowa during 2010-2011. 
Effect F-Statistic P value
Propagation Method 8.10 0.0107
Year 90.83 <0.0001
Propa*Year 0.21 0.6491
AGDDb 7.81 0.0055
AGDD*Prop 0.77 0.3815
AGDD*Year 7.27 0.0073
AGDD*Prop*Year 0.25 0.6201
Site 1.30 0.2982
Site*Prop 1.05 0.3691
Site*Year 16.51 <0.0001
Site*Prop*Year 0.85 0.4283
AGDD*Site 12.17 <0.0001
AGDD*Site*Prop 0.05 0.9469
AGDD*Site*Year 16.97 <0.0001
AGDD*Site*Prop*Year 0.60 0.5506
aProp – Propagation Method 
bAGDD – Accumulated Growing Degree Days 
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Table 3.4. Mixed model ANOVA for tiller number 
M. × giganteus was grown from stem propagated plants (SPs) or rhizomes (RPs) at three 
locations in Iowa during 2010-2011.  
Effect F-Statistic P value
Propagation Method 4.45 0.0492
Year 47.18 <0.0001
Propa*Year 0.15 0.6986
AGDDb 0.04 0.08358
AGDD*Prop 0.00 0.9781
AGDD*Year 38.27 <0.0001
AGDD*Prop*Year 1.54 0.215
Site 12.47 0.0004
Site*Prop 1.73 0.2051
Site*Year 20.24 <0.0001
Site*Prop*Year 2.00 0.1371
AGDD*Site 0.32 0.7244
AGDD*Site*Prop 1.12 0.3277
AGDD*Site*Year 16.12 <0.0001
AGDD*Site*Prop*Year 1.63 0.1967
aProp – Propagation Method 
bAGDD – Accumulated Growing Degree Days 
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Figures 
Figure 3.1. Photo depiction of M. × giganteus rhizome.  
Healthy rhizome segment used for direct planting and establishment of rhizome plants 
(RPs). Photo credit: Emily Heaton 
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Figure 3.2. Photo depiction of stem propagated (SP) M. × giganteus plant 
Stem propagated plant (SP) used for transplanting into the field. Photo credit: Nicholas 
Boersma 
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Figure 3.3. Precipitation data for 2010, 2011 and the 30-year average 
Data are from Northwest (a), Central (b) and Southwest (c) Iowa research stations. Data 
were collected from onsite weather stations for the Northwest and Southwest farms and 
from an adjacent weather station 15.5 km SE of the Central Iowa research farm. Data 
were compiled from the Iowa Environmental Mesonet (Iowa Environmental Mesonet, 
2013). 
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Figure 3.4. Temperature data for 2010, 2011 and the 30-year average 
Data are for the Northwest (a), Central (b) and Southwest (c) Iowa research stations. Data 
were collected from onsite weather stations for the Northwest and Southwest farms and 
from an adjacent weather station 15.5 km SE of the Central Iowa research farm and 
compiled from the Iowa Environmental Mesonet (Iowa Environmental Mesonet, 2013).  
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Figure 3.5. Basal circumferences of M. × giganteus
Basal circumferences of M. × giganteus plants grown from rhizomes (RPs; open square) 
or stem propagated plants (SPs; filled circle) at Northwest (a-b), Central (c-d), and 
Southwest (e-f) research farms as a function of accumulated growing degree days. 
Degree days were calculated on a base 10 °C and a maximum of 30 °C temperature for 
growth and began accumulating after the last spring freeze until the first killing freeze. 
Data points are the mean of n=4 plots of each propagation method and error bars = ± 1 
standard error of the mean. 
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Figure 3.6 Tiller number of M. × giganteus plants 
Tiller number of M. × giganteus plants generated from rhizomes (RPs; open square) or 
stem propagation (SPs; filled circle) at Northwest (a-b), Central (c-d), and Southwest (e-
f) research farms as a function of accumulated growing degree days. Degree days were 
calculated on a base 10° C and a maximum of 30° C temperature for growth. 
Accumulated growing degree days began accumulating after the last spring freeze until 
the first killing freeze in the fall.  Data points are the mean of n=4 plots of each 
propagation method and error bars = ± 1 standard error of the mean.     
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Figure 3.7. Heights of M. × giganteus plants 
Heights of plants generated from rhizomes (RPs; open square) or stem propagation (SPs; 
filled circle) at Northwest (a-b), Central (c-d), and Southwest (e-f) research farms as a 
function of accumulated growing degree days. Degree days were calculated on a base 10° 
C and a maximum of 30° C temperature for growth. Accumulated growing degree days 
began accumulating after the last spring freeze until the first killing freeze in the fall.  
Data points are the mean of n=4 plots of each propagation method and error bars = ± 1 
standard error of the mean. 
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Figure 3.8. Stem diameters of M. × giganteus plants 
Stem diameters of plants generated from rhizomes (RPs; open squares) or stem 
propagation (SPs; filled circles) at Northwest (a-b), Central (c-d), and Southwest (e-f) 
research farms as a function of accumulated growing degree days. Degree days were 
calculated on a base 10° C and a maximum of 30° C temperature for growth. 
Accumulated degree days began accumulating after the last spring freeze until the first 
killing freeze in the fall.  Data points are the mean of n=4 plots of each representative 
propagation method, and error bars = ± 1 standard error of the mean. 
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CHAPTER 4. DOES PROPAGATION METHOD AFFECT 
YIELD AND SURVIVAL? THE POTENTIAL OF 
MISCANTHUS × GIGANTEUS IN IOWA, USA 
Part 2 of a 2-part series on the effects of M. × giganteus propagation method on growth 
and productivity  
A paper submitted to Industrial Crops and Products in revision 
Nicholas N. Boersma and Emily A. Heaton 
Abstract 
As a sterile hybrid, Miscanthus × giganteus must be vegetatively propagated. 
Previous work has shown that propagation method may negatively impact not only yield 
of M. × giganteus, but also winter survival. However, these studies only considered 
rhizome and micropropagated M. × giganteus. Recently, stem propagated plants have 
also become available to the US market. Similar to micropropagation, these propagules 
do not rely on rhizomes to produce planting stock, but little is known about the yield 
potential or survival of stem propagated plants in the field. Here we addressed these 
questions in a replicated, side by side comparison of rhizome and stem propagated plants 
at three locations in Iowa, USA. We found no propagule related differences in above- or 
belowground yields, establishment losses or winter losses of M. × giganteus. Yields 
averaged 24.7 (± 3.5) Mg ha-1. Though M. × giganteus productivity frequently peaks in 
the third year after planting, second-year yields in Iowa were not significantly different 
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than third.  Additionally, winter losses were very low, averaging only 1.2 % during the 
first two winters. Establishment losses, however, were significantly greater (P < 0.0001) 
and averaged 23.7 %. We found M. × giganteus is productive in Iowa, with yields similar 
or higher than other US trials, and that stem propagated M. × giganteus performed very 
similarly to rhizome propagated M. × giganteus. While much research has been 
conducted on cold tolerance and winter survival in M. × giganteus, future research should 
also address establishment losses to reduce planting costs, the major upfront expense in 
M. × giganteus production.  
Introduction 
Biomass and propagation method 
Biomass productivity of clonally propagated crops may be affected by differences 
in vegetative planting material, such as culms, rhizomes or tubers. Variability in clonal 
propagules can lead to variability in the field even with consistent post-planting 
management, and has been demonstrated in dicots and grasses alike (Baker, 2012; 
Campos et al., 2012; Nieves et al., 2003).  The grassy biomass crop Miscanthus × 
giganteus (Greef et Deu. ex Hodkinson et Renvoize) can be propagated by rhizome, stem 
or micropropagation (Boersma and Heaton, 2012; Lewandowski, 1998; Meyer and Hong, 
2011). Stem propagated plants (SPs) are a readily available planting stock in the US that 
exhibit many advantages over conventional rhizome material as highlighted in Boersma 
and Heaton (2013) and Boersma and Heaton (2012), but the impact of this new 
propagation method on subsequent yield of field grown plants has not yet been examined. 
Different propagation methods can impact tiller size and number in M. × 
giganteus (Boersma and Heaton, 2013; Lewandowski, 1998), attributes that have been 
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shown to affect yields in several Miscanthus species (Jezowski et al., 2011) as well as in 
switchgrass (Panicum virgatum L.) (Boe and Beck, 2008). European trials showed 
consistent yields from rhizome propagated plants (RPs) and micropropagated M. × 
giganteus (Clifton-Brown et al., 2007), but the effect of stem propagation has not yet 
been tested. Further, earlier EU trials used a different M. × giganteus clone than the 
Illinois clone now commonly used in the US. Because morphology differs in plants of 
this clone when propagated from stems instead of rhizomes (Boersma and Heaton, 2013), 
it may be possible that stem propagation affects also yields, and ultimately adoption, of 
this novel bioenergy crop.   
Plant losses 
Planting stock differences may also affect winter survival in the first year after 
planting. Previous work has shown that micropropagated M. × giganteus plants can have 
very high winter mortality rates, up to 100 % (Clifton-Brown, 1997; Clifton-Brown et al., 
2007; Schwarz et al., 1998) while other trials have reported no effect of propagation 
technique on winter survival (Lewandowski, 1998). None of these studies considered 
SPs.  
An often overlooked aspect of M. × giganteus survival is establishment loss, that 
is, the number of plants that emerge and die or fail to emerge at all shortly after planting. 
Winter survival and cold tolerance are more frequently investigated (Clifton-Brown and 
Lewandowski, 2000; Farrell et al., 2006; Purdy et al., 2013), whereas initial 
establishment success is not evaluated or given as a side note with little or no statistical 
evaluation. When mentioned, however, establishment losses as high as 12 % have been 
reported (Pyter et al., 2010), but establishment losses as low as 0 % have also been 
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assumed for cost analyses of M. × giganteus (Khanna et al., 2008). Accurately 
anticipating establishment mortality is critical to farmers and commercial suppliers of M. 
× giganteus because it determines initial planting densities and thus establishment cost, as 
well as final plant populations and thus biomass yield.  Commercial plantations often 
assume a 20-30 % loss in the first year, but it is not clear when those losses occur.  Here 
we evaluate both winter and establishment losses in determining survival in a newly 
planted M. × giganteus stand.  
Objective 
The objective of this study was to provide necessary survival and yield potential 
information to the scientific and industrial community. We evaluated the two most 
abundant planting stocks in the US: RPs and SPs. These planting stocks have not been 
compared in side by side field trials reported in the peer-reviewed literature. In addition, 
there have been no reported yields or survival statistics for M. × giganteus in Iowa, which 
has been the nation’s leader in corn grain production for nearly two decades (USDA, 
2013) as well as ethanol, using approximately 40 % of that grain to produce nearly 30 % 
of all US ethanol (Iowa Corn Growers Association, 2013). We used a field-based 
approach to address the above unknowns with three main hypotheses: 
1) RPs will yield more biomass than SPs. 
2) Establishment losses will be greater for SPs than RPs, and 
3) Winter losses in the first season will be greater for SPs than RPs. 
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Materials and Methods 
Site and plant material descriptions 
Full descriptions of field management, layout, design and weather conditions as 
well as plant material descriptions are reported in Boersma and Heaton part I (Boersma 
and Heaton, 2013). Briefly, whole rhizomes or SPs were planted in a replicated 
completely randomized design (n=4) at three locations in Iowa (Northwest, Central and 
Southwest) in May, 2009, then evaluated for three years (2009-2011). Biomass sampling 
occurred after killing frosts at each location and occurred within a few days of each other 
within a growing season (Table 4.1).  
Yield measurements 
In each plot, two randomly selected 0.5 m2 quadrats were centered over a single 
randomly selected plant and any stems within the quadrat were cut 8 cm above the soil 
surface. Stems may have been from adjacent plants, but were cut if the base of the stem 
fell within the quadrat. The entire quadrat sample was immediately weighed. A grab 
sample (~1 kg) of each quadrat sample was taken and dried at 60 °C to a constant mass to 
determine the moisture content of each sample. After drying, leaves were separated from 
stems at the collar (leaf sheath remained with stem portion) and the mass of each organ 
recorded. 
In each of the same 0.5 m2 quadrats that were cut for aboveground biomass 
sampling, soil and rhizome/root complexes were excavated to 20 cm, then stored at 5 °C 
before processing. Samples were thoroughly washed to remove soil and dried to a 
constant mass at 60 °C.  After recording this mass, a subsample of each rhizome/root 
complex was taken and separated into rhizome and root fractions. When samples were 
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separated to a point where only very small pieces remained, they were sieved through a 4 
mm screen. Ultimately subsamples were sorted into four fractions: rhizomes, roots, 
residual soil and screenings. Each portion was weighed and this proportion was applied to 
the quadrat sample mass to estimate total belowground biomass to 20 cm.  
Survival 
 In mid-June 2009, approximately one month after planting, plant populations 
were counted and establishment losses calculated. The plants that had not yet emerged 
(rhizomes) or had died (SPs) were filled in with plants from the edges of each respective 
plot, ensuring replacement was with plants of the same developmental stage from the 
same propagation technique and from within the same environment (Boersma & Heaton 
2013). All plots then had 100 % survival upon completion of the first growing season.  
During July 2010 and 2011, plant populations were again assessed and winter 
losses calculated as a percentage of the plants remaining from the previous year.  
Statistical analysis 
To prevent pseudo-replication, yield measurements taken from the same plots 
were averaged within a growing season. PROC GLIMMIX (SAS 9.2, SAS institute Cary, 
NC, USA) was used to conduct an analysis of variance (ANOVA). The model for these 
analyses included year and propagation technique as fixed variables and site was 
considered a random variable. The statistical model was also adjusted for repeated 
measures at the plot level. Where appropriate, preplanned contrasts within growing 
seasons were made with a confidence level of α < 0.05. 
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Results 
Three hypotheses were tested concerning the yield and survival of M. × giganteus
and will now be considered in turn. 
Yields 
1. RPs will yield more biomass than SPs. 
Propagation method did not affect aboveground yields during the second and third 
years of M. × giganteus growth during this experiment (P = 0.7810). Overall yields were 
also not affected by location (P = 0.1066), year (P = 0.9481) or the location*year 
interaction (P = 0.4282), and averaged 24.7 Mg ha-1 across the three locations and two 
seasons (Fig. 4.1).  
In addition to the similarity in total aboveground biomass between SPs and RPs, 
the distribution of biomass among stems and leaves was also similar (P = 0.1419). 
However, we observed a significant interaction of year*site (P = 0.0037) on the 
partitioning of aboveground biomass between stems and leaves. In 2010, the Southwest 
location had the greatest stem to leaf ratio, averaging 7.4, but the lowest in 2011 at 4.7. 
Conversely the stem to leaf ratio at the Northwest location significantly increased from 
4.9 in 2010 to 6.8 in 2011. Despite the stem to leaf ratio variability across time and space, 
plants established from the two propagation methods responded similarly across these 
dynamic environments (Fig. 4.2).  
RPs and SPs showed no difference in belowground biomass production in the top 
20 cm of the soil profile (P = 0.7441) despite a significant (P < 0.0001) increase in total 
belowground biomass on average from 2010 (12.8 Mg ha-1) to 2011 (20.3 Mg ha-1) across 
the three experimental sites (Fig. 4.3).  
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Aboveground biomass was not different between plants established from RPs or 
SPs throughout the duration of the experiment, nor was belowground biomass affected by 
propagation method. Therefore, the aboveground to belowground biomass ratio was also 
unchanged by propagation method (P = 0.7582). However, since there was no change in 
aboveground biomass from 2010 to 2011, but a significant increase in belowground 
biomass over the same period, the 2011 above- to belowground biomass ratios were 
nearly half what they were in 2010 (P < 0.0001), 1.2 and 2.1, respectively (Fig. 4.4). In 
addition to the effect of year on the above- to belowground biomass ratio, the 
experimental location also significantly affected the ratio (P = 0.0025), driven by a 
consistently lower ratio at the Central site (Fig. 4.4).  
Rhizome to root biomass ratios were the only yield component effected by 
propagation method (P = 0.0110). On average across sites and years, RPs had a higher 
rhizome to root ratio of 10.2 while SPs had a ratio of only 7.6; this trend was consistent 
across both years and all three sites (Fig. 4.5). Ratios were driven both by less root 
biomass in RPs (1.2 Mg ha-1) than SPs (1.4 Mg ha-1) and by more rhizome biomass in 
RPs (11.3 Mg ha-1) than SPs (10.6 Mg ha-1).  
Plant losses 
2. Establishment losses will be greater for SPs than RPs. 
Establishment losses during the first growing season ranged from 16.6 % (SPs, 
Central) to 33.8 % (RPs, Northwest), averaging 23.7 % overall. Though variable, 
propagation method did not affect establishment losses at the three locations tested here 
(P = 0.5410, Fig. 4.6), nor did site (P = 0.0595). 
3. Winter losses in the first season will be greater for SPs than RPs. 
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Winter losses were not greater for SPs than RPs. In fact, both types of plants 
exhibited very low winter losses, less than 1.2 % on average, which did not vary between 
the first and second winter (P = 0.3099). Overall, winter losses were significantly (P < 
0.0001) less and almost trivial compared to establishment losses within the first growing 
season (Fig. 4.6).  
Discussion 
Yield potential 
Here we report findings from the first side by side field comparison of M. × 
giganteus SPs and RPs, as well as the first productivity values of this promising biomass 
crop from Iowa, USA, the nation’s leading producer of corn grain and ethanol. We found 
that M. × giganteus yields did not vary with propagation method or location; the slight 
variations between propagation methods were insignificant over time and space. This 
suggests that growers can make M. × giganteus purchasing and planting decisions based 
on what works best for their situation, knowing that SPs and RPs are equally productive. 
Our yield results are consistent with Clifton-Brown et al., (2007) who showed 
rhizomes and micropropagated plants had similar yield potential in Europe. Our yields 
were slightly higher than trial data in Clifton-Brown et al., (2007), but quite similar to 
their modeled yields and also in the range of Miguez et al., (2012) which projected 15 – 
35 Mg ha-1 for M. × giganteus in Iowa.  
Our yields were also similar to, or higher than those reported for the Illinois clone 
in the US. We found M. x giganteus average yields of 24.7 Mg ha-1 during the second and 
third growing seasons which is within the range reported from Illinois of 13.7 – 44.1 Mg 
ha-1 (Dohleman et al., 2012; Heaton et al., 2008) from trials of a similar or older age. 
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Iowa yields in the current study were greater than second and third-year stands in 
Kentucky, Nebraska and New Jersey (Maughan et al., 2012), which averaged 9.5-19.0 
Mg ha-1 for most sites, though one location, Mead, Nebraska, averaged 27.4 Mg ha-1 in 
one season. Unlike our trial, Maughan et al. (2012) included N fertilizer treatments, but N 
rate did not significantly affect yields when applied up to 120 kg ha-1 (Maughan et al., 
2012). Another Midwestern state, Kansas, has reported 11.8 – 13.7 Mg ha-1 from stands 
in their first and second years (Propheter and Staggenborg, 2010).  
The fertile soils and temperate climate that support high Midwestern corn yields 
also seem to support some of the highest M. × giganteus yields. Despite early predictions 
that M. × giganteus might do better in the warmer, wetter climates of the south, it 
increasingly seems to be better adapted to the Corn Belt. Field trials of M. × giganteus
across the US Southern Great Plains found a positive relationship between biomass yield 
and growth latitude, and a significant negative correlation with heat and water stress 
(Kiniry et al., 2013).  Water stress may be the reason we found no change in biomass 
yields between the second and third growing seasons; while it is possible the stands 
achieved ceiling yields within two years (Heaton et al., 2010), the late summer and fall of 
2011 were exceptionally dry leading into the record drought experienced across the 
region in 2012 (Boersma and Heaton, 2013). 
Just as there was no difference in aboveground biomass between SPs and RPs, 
there was also no difference in the way that biomass was partitioned between stems and 
leaves. This means that farmers and end users need not worry about major compositional 
differences in differentially propagated plants. This was a concern when early work with 
micropropagated M. × giganteus plants found they had more, but smaller, stems than 
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traditional RPs (Lewandowski, 1998). Because the composition of grass leaves is 
different from that of stems, e.g., leaves contain much higher levels of silica and 
potassium (Pahkala and Pihala, 2000), it could be inferred that fuel quality would differ 
along with morphology. Although potassium is an essential nutrient, and silica supports 
anti-insect defenses (Nabity et al., 2012), both are contaminants or inhibitors when 
converting biomass to bioenergy and thus reduce feedstock quality (Jenkins et al., 1998). 
In contrast to micropropagated plants, the compositional consistency between SPs and 
RPs means that producers will not have to be concerned about variable feedstock quality 
with different propagules. 
Total belowground biomass was also consistent between SPs and RPs and 
averaged 12.8 Mg ha-1 in 2010 and 20.3 Mg ha-1 in 2011. Although these values are lower 
than those reported by Dohleman et al., (2012), which averaged 27.1 Mg ha-1, the M. × 
giganteus stand reported on in that study was four to six years-old, while ours were two 
to three. Given the substantial increase we observed between 2010 and 2011, it is 
plausible that belowground biomass is still increasing in these fields, and they may yet 
approach levels reported in Illinois. 
Although the Illinois trials reported greater total belowground biomass, we found 
a higher rhizome to root ratio, 9.0 on average, more than double the 3.8 reported by 
Dohleman et al. (2012). Since the rhizome biomass we found in 2011 was comparable to 
the Illinois average (18.2 vs. 21.5 Mg ha-1, respectively), the main difference in 
belowground biomass between Iowa and Illinois was the root biomass found.  In addition 
to stand age, the methodology for measuring belowground biomass may help explain the 
discrepancy between these studies. Dohleman et al. (2012) cored down to 25 cm to 
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determine belowground biomass, whereas we excavated a 0.5 m2 section of soil to 20 cm 
and hand sorted rhizomes and roots. It is also likely that root biomass per hectare is 
simply quite variable. For example, in Western Germany Neukirchen et al. (1999) found 
that M. × giganteus was capable of producing up to 4.6 Mg ha-1 of roots in the top 15 cm 
of soil, which was higher than the 1.3 Mg ha-1 in Iowa for the top 20 cm, but lower than 
the 5.6 Mg ha-1 reported by Dohleman et al. (2012). Lower root biomass may also be 
explained by the rooting pattern of M. × giganteus. Neukirchen et al. (1999) found that 
root density decreases with increasing distance from the plant and we excavated an area 
0.5 m2 which included soil surface outside the planted row. Regardless of the cause in 
root biomass variability, in both Illinois and Iowa rhizome biomass accounted for the 
majority of the total belowground biomass and averaged 79 % (Dohleman et al., 2012) 
and 90 %, respectively indicating the majority of belowground biomass can be estimated 
by measuring rhizome biomass. 
Rhizome to root ratio was greater for RPs than SPs, which may lead to better 
stand persistence and greater yield stability over time as rhizomes use storage reserves to 
buffer the stand against stress. The Central Iowa location SP plots had the lowest rhizome 
to root ratio and concomitantly the lowest biomass yields, though not significantly lower 
than other locations. The Central location has a very low organic matter, cation exchange 
capacity and water holding capacity compared to the other sites tested  (Boersma and 
Heaton, 2013) which may have compounded stress effects. Long term data may elucidate 
the role of rhizome reserves in stress resilience and yield stability. 
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Plant losses 
Survival of plants during M. × giganteus establishment is crucial to economic 
viability of this species as an energy crop. Propagules are the single largest expense in M. 
× giganteus planting, accounting for nearly 25 % of the total operational cost in the first 
growing season (Khanna et al., 2008). Plant losses not only represent a large upfront cost, 
but also reduce long term profitability. The empty patches are difficult to replant because 
of access and competition from surrounding plants. Stand ‘patchiness’ was estimated at 
13.7 % of field area in commercial Irish plantations, potentially reducing gross margins 
by 50 % over time (Zimmerman et al., 2013).  
Because of devastatingly high winter losses, up to 100 % in European studies 
(Clifton-Brown, 1997; Clifton-Brown et al., 2007), most research on M. × giganteus
survival has focused on cold tolerance and overwintering (Clifton-Brown and 
Lewandowski, 2000; Kucharik et al., 2013; Purdy et al., 2013).  Here we found that M. × 
giganteus overwintered successfully in Iowa with minimal losses despite temperatures 
during the establishment winter (2009-2010) that were near or below the 30-year 
averages for the three farms (Fig. 4.7). Further, daily lows were generally much lower 
than the 10-year average for the majority of December and January during establishment 
(Fig. 4.8). Stands at the Northwest farm endured temperatures as low as -34.6 °C, yet had 
a first winter loss of only 0.3 % (Fig. 4.6). Importantly, we found that the RPs and SPs 
had similar overwintering success throughout this study.  
In contrast to winter losses, M. × giganteus establishment losses have received 
little attention in the peer-reviewed literature. Here we found that establishment losses are 
a much greater concern in the Midwestern US, roughly 20-fold greater than winter losses 
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during the two measured winters combined. Demonstrated estimations of M. × giganteus
establishment losses are lacking in many economic projections for bioenergy crops; for 
example, in a recent economic assessment of M. × giganteus in Illinois, Khanna et al. 
(2008) assumed a 0 % establishment loss. Although this was based on early Illinois M. × 
giganteus trials (Heaton, 2006), achieving 100 % establishment success is an anomaly, 
and experience with larger plots has shown that planting losses may be substantial 
(Atkinson, 2009; Zimmerman et al., 2013). Combining our measured establishment 
losses of 17 – 35 % with Khanna et al. (2008) estimates for M. × giganteus propagule 
costs would increase the establishment costs by $57-117 USD ha-1. 
While RPs are still currently the standard means of planting M. × giganteus, their 
technology and logistics are far from optimal. Part of the rationale for seeded Miscanthus
varieties is elimination of vegetative propagation and planting (Quinn et al., 2010), but 
the invasive potential of seeded varieties is unclear and has bolstered continued interest in 
the sterile Illinois clone (Barney and Ditomaso, 2008; Jorgensen, 2011).  New technology 
such as Ceeds™ from New Energy Farms ™ (www.newenergyfarms.com) encapsulates 
vegetative material along with growth promoting and anti-desiccant compounds to form a 
propagule that can fit through a planter similar to grain crops (New Energy Farms, 2013) 
striking a balance between convenience and conservative stewardship. Until such new 
technology becomes adopted, however, traditional transplant equipment such as that used 
in the tobacco and vegetable industries is widely available for the planting of SPs. 
Because SPs can be generated quickly and cheaply under glass, they are readily available 
from greenhouse companies like Speedling, Inc. (www.speedling.com) and depending 
upon a farmer’s equipment and resources, may be a more logical choice than RPs. Our 
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data show that regardless of which propagule makes financial and logistical sense, 
producers can be confident that SPs and RPs will produce a similar yield with similar 
quality biomass in the Midwestern US. 
Conclusion 
Iowa M. × giganteus yields are similar to or higher than those reported in other 
Midwestern states (Heaton et al., 2008; Maughan et al., 2012). Producers can be 
confident that M. × giganteus can achieve high yields of similar quality regardless of 
which propagule (RPs or SPs) is used to establish a plantation. However, as is commonly 
recommended in commercial plantings, producers should consider overplanting by 25 % 
to overcome expected establishment losses (~24 %), which were substantially higher than 
winter losses (~1 %), thus ensuring a full stand after two to three years.  
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Tables 
Table 4.1. M. × giganteus harvest dates 
Harvest dates of M. × giganteus at three Iowa State University research farms during the 
2010 and 2011 growing seasons. See Boersma and Heaton (2013) for plot descriptions 
and details. 
Year Location Harvest Date 
2010 Northwest 11 November 
 Central    9 November 
 Southwest 10 November 
2011 Northwest   9 November 
 Central 10 November 
 Southwest 14 November 
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Figures 
Figure 4.1. Total aboveground biomass yield 
M. × giganteus plants were grown at three locations over two years in Iowa, USA. Each 
plotted value is the mean aboveground biomass yield for four replications of each 
propagation method within each location*year combination (n=4). Error bars indicate ±1 
standard error of the mean. 
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Figure 4.2. Stem to leaf biomass ratios 
M. × giganteus plants were grown at three locations over two years in Iowa, USA. Each 
ratio is the mean of four replications of each propagation method within each 
location*year combination (n=4). Ratios were determined by dividing dry biomass of 
stems by the dry biomass of leaves in each sample. Error bars indicate ± 1 standard error 
of the mean. 
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Figure 4.3. Total belowground biomass yield 
M. × giganteus plants were grown at three locations over two years in Iowa, USA. Each 
column is the mean belowground biomass yield from four replications of each 
propagation method within each location*year combination (n=4). Error bars indicate ± 1 
standard error of the mean. 
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Figure 4.4. Above to belowground biomass ratio 
M. × giganteus plants were grown at three locations over two years in Iowa, USA. Each 
ratio is the mean of four replications of each propagation method within each 
location*year combination (n=4). Ratios were determined by dividing dry biomass of 
aboveground portions by the dry biomass of the belowground (to 20 cm depth) portions 
in each sample. Error bars indicate ± 1 standard error of the mean. 
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Figure 4.5. Rhizome to root biomass ratios 
M. × giganteus plants were grown at three locations over two years in Iowa, USA. Each 
ratio is the mean of four replications of each propagation method within each 
location*year combination (n=4). Ratios were determined by dividing the dry biomass of 
rhizomes by the dry biomass of roots in each sample. Error bars indicate ± 1 standard 
error of the mean. 
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Figure 4.6. M. × giganteus plant loss percentages 
Loss percentages for establishment (includes all plants that died shortly after planting or 
did not emerge at all during the first two months following planting), the first winter 
(plants died during the winter between the first and second growing seasons) and the 
second winter (plants died during the winter between the second and third growing 
season). Percentages indicate the number of plants that died during each respective time 
period as a percentage of the plants that were alive prior to the beginning of each time 
period i.e. the number of living plants counted during the previous loss period. 
Percentages plotted are the means of four replications (n=4) of each propagation method 
within each location*mortality type combination. Error bars indicate ± 1 standard error of 
the mean.   
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Figure 4.7. Monthly temperature data for 2009-2011 and previous 30-year average 
Temperatures for the Northwest (a), Central (b) and Southwest (c) research farms used in 
this study. Data were recorded onsite for the Northwest and Southwest farms and the 
nearest weather station for the Central farm (15.5 km SE of the farm). Weather data were 
compiled from the Iowa Environmental Mesonet (Iowa Environmental Mesonet, 2013). 
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Figure 4.8. Daily high and low temperatures and 10-year mean daily highs and low 
temperatures 
Winter temperatures experienced by establishing plants of M. × giganteus at the 
Northwest (a), Central (b) and Southwest (c) research sites. Temperature data were 
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recorded by on-site weather stations for the Northwest and Southwest farms and an 
adjacent weather station 15.5 Km SE of the Central research farm. 10-Year Means were 
calculated from daily high and low temperatures from 2001-2011 from the same weather 
station locations as the 2009-2010 winter data. Data were compiled from Iowa 
Environmental Mesonet (Iowa Environmental Mesonet, 2013). 
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CHAPTER 5. MISCANTHUS × GIGANTEUS AUTUMNAL 
LEAF SENESCENCE IS AFFECTED BY STAND AGE 
A paper to be submitted to New Phytologist 
Nicholas N. Boersma, Emily A. Heaton and Frank G. Dohleman 
Summary 
 Poor first winter survival in some early Miscanthus × giganteus Greef et Deu. 
trials was anecdotally attributed to incomplete first autumn senescence. However, 
these greenness assessments never paired multiple ages of M. × giganteus in side-
by-side trials. Here we used CO2 assimilation rate, photosystem II efficiency and 
total leaf N to directly compare senescence in first, second and third-year M. × 
giganteus. 
 Three M. × giganteus fields were planted with eight plots, one field each in 2009, 
2010, and 2011. To quantify autumnal leaf senescence of each stand age, 
photosynthetic and N measurements were made twice weekly from early 
September until a killing frost. 
 By the end of the growing season, first-year M. × giganteus exhibited CO2
assimilation rates up to 4 times greater, photosystem II efficiency rates up to 4 
times greater, and leaf N up to 2.4 times greater than third-year M. × giganteus. 
 The increased photosynthetic capability and N levels in first-year M. × giganteus
are indicative of delayed senescence. Additionally, first-year M. × giganteus
responded more strongly to favorable conditions, especially following cold 
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weather, potentially indicating that the photosynthetic apparatus was not 
dismantled during early leaf senescence. 
Introduction 
Miscanthus × giganteus, Greef et Deu., is particularly efficient at maintaining 
photosynthesis and high productivity at low temperatures, unique among C4 plants (Beale 
et al., 1996; Beale and Long, 1995; Wang et al., 2008). Despite the cold tolerant 
photosynthesis of M. × giganteus, a major challenge in early European M. × giganteus
trials was winter mortality following the first growing season (Christian and Haase, 2001; 
Clifton-Brown and Lewandowski, 2000), which is not surprising, given the tropical to 
sub-tropical origins of the genus Miscanthus (Scally et al., 2001). Because planting costs 
are a major contributor to the overall production costs of M. × giganteus (Khanna et al., 
2008), winter losses approaching 100 % (Christian and Haase, 2001) are not acceptable 
and will hinder the acceptance of M. × giganteus as a biofuel feedstock option.  
In order to minimize winter losses, it is important to understand the cause or 
causes of winter mortality. It has been speculated that young M. × giganteus does not go 
dormant (as indicated by autumn leaf senescence) early enough in the season to avoid the 
effects of cold temperatures (Christian and Haase, 2001). Leaf senescence allows 
nutrients to be redistributed to the rhizome; if this process does not occur, or is greatly 
reduced, rhizomes may have inadequate nutrition to survive the winter.  
Similar observations have been made in Iowa, USA.: first-year stands of M. × 
giganteus remain bright green late into the autumn, while second and third-year stands of 
M. × giganteus begin yellowing and senescing (personal observation) (Figs. 5.1-5.2). 
This observation was made in early M. × giganteus trials as well (Clifton-Brown and 
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Lewandowski, 2000), however, these assessments were made based on greenness ratings, 
and did not directly compare first-year M. × giganteus to older M. × giganteus within the 
same growing season. The quantification of M. × giganteus leaf senescence at a 
biochemical level has not been previously reported to our knowledge. 
Senescence is a multifaceted, highly regulated phenomenon, and previous work has 
only evaluated M. × giganteus senescence in a qualitative way, using a greenness index 
(Clifton-Brown and Lewandowski, 2000; Robson et al., 2012). Within leaves, the 
majority of proteins and N is bound in the photosynthetic apparatus. These proteins and 
N are found within the chloroplasts which are dismantled early in senescence (Feller and 
Fischer, 1994). Additionally, others have used photochemical parameters as an estimate 
of leaf senescence (Lim et al., 2007). Therefore, as a quantitative proxy for early leaf 
senescence, we measured net CO2 assimilation rates (A) (µmol m-2s-1), photosystem II 
(PSII) electron transport efficiency (ΦPSII) (dimensionless) and total N concentration (%) 
in leaves to assess the overall integrity of the photosynthetic apparatus during the 
transitional period of late summer to early autumn in cohorts of one, two and three-year 
old stands of M. × giganteus. 
In order to establish a link between stand age and autumnal leaf senescence in M. 
× giganteus, an experiment was designed to ascertain if first-year M. × giganteus indeed 
exhibits delayed autumnal leaf senescence relative to older M. × giganteus. To do this, 
we assessed M. × giganteus of different ages within the same growing environment. 
Also, because propagation method has been shown to affect the survival of first-year M. 
× giganteus (Clifton-Brown et al., 2007), the senescence characteristics of rhizome and 
stem propagated M. × giganteus plants were also assessed.  
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Specifically two main questions were asked: 
1. Do first-year M. × giganteus stands senesce differently in the first autumn than in 
subsequent years? 
2. Does propagation method influence M. × giganteus leaf senescence? 
Materials and Methods 
Site description and experimental design 
Miscanthus × giganteus (Illinois clone) plots were established at the Iowa State 
University Hinds research farm near Ames, IA, USA (42° 3’32.04” N 93° 37’0.25” W). 
Three individual fields were planted; one each May in 2009, 2010 and 2011. Each field 
consisted of four replications of two propagation methods (stem propagated plants and 
rhizomes) completely randomized within the field (n=4) giving a total of eight plots per 
field. Each plot within the field established in 2009 was 10.7 × 10.7 m, with M. × 
giganteus plantlets or rhizomes spaced at 0.8 m between and within rows, in an equal 
spacing grid. Due to space constraints, fields established in 2010 and 2011 were 6.1 × 6.1 
m, but with plant spacing equal to that of the 2009 field (Fig. 5.3).  
Plant material 
Miscanthus × giganteus rhizomes were obtained from Caveny Farm (Monticello, 
IL, USA) fields (2009 field) and from adjacent fields at the Hinds research farm (2010 
and 2011 fields). All M. × giganteus plantlets were provided by Speedling Inc. (Sun City, 
FL, USA). These plantlets were propagated using stem cuttings through a proprietary 
method, similar to that described by Boersma and Heaton (2012).  
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Photosynthesis and fluorescence measurements 
All measurements were made twice weekly on young, fully expanded leaves in 
full light from the upper canopy. We measured two randomly selected plants in each plot 
during early September to a killing frost (late October). 
To provide measurements of peak A, and to minimize diurnal variation, 
measurements were completed between the hours of 11 am and 1 pm CST during periods 
of clear skies. Photosynthetic parameters were measured using a portable open-path gas 
analyzer equipped with infrared CO2 and water vapor sensors and a leaf chamber 
fluorometer (LI-6400xt; LI-6400-40, Licor®, Lincoln, NE, USA).  
The environmental conditions within the leaf cuvette were set to ambient 
temperature, photosynthetic photon flux density, relative humidity and [CO2] at the 
commencement of measurements each day. Measurements were considered steady state 
when displayed A, stomatal conductance, sample [H2O] and sample [CO2] stabilized (A 
slope < 1.0, stomatal conductance slope < 0.2, sample [H2O] coefficient of variation < 0.5 
and sample [CO2] coefficient of variation < 0.5), typically in < 5 min.  
Modulated chlorophyll fluorescence was simultaneously measured with other 
photosynthetic parameters using the same stability criteria. Using the steady state 
chlorophyll fluorescence and the modulated chlorophyll fluorescence following a 
saturating pulse, we determined the ratio of absorbed photons used in photochemistry i.e. 
ΦPSII, following Genty et al. (1989).  
Leaf [N] measurements 
After photosynthetic measurements were recorded, the measured leaf blade was 
excised, dried to a constant mass in a forced air furnace at 50 °C then ground to 1 mm 
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with a cyclone sample mill (UDY Corp., Fort Collins, CO). The total [N] of 100 to 150 
mg of ground leaf sample was then determined using combustion analysis with a LECO® 
TruSpec CN elemental analyzer (LECO® Corp., St. Joseph, MI, USA).   
Statistical analyses 
Data were analyzed by repeated measure analysis of variance (ANOVA) using 
PROC MIXED in SAS® version 9.3 (SAS Institute Inc. Cary, NC, USA). Fixed effects 
of stand age, propagation method, date of measurement nested within year and the 
interactions of these effects were tested by the overall residual error of the model. 
Responses were considered significantly different at α < 0.05. Where appropriate, pre-
planned contrasts were made, also with α < 0.05 constituting a significant difference.  
Results 
Two main questions were asked in this study, and will now be answered in turn. 
Do first-year M. × giganteus plants senesce differently in the autumn than older 
stands? 
First-year M. × giganteus appears to senesce differently than second and third-
year M. × giganteus as evidenced by different photosynthetic capacities and leaf [N] 
throughout late autumn.  
Miscanthus × giganteus of different ages exhibited different levels of A, ΦPSII, 
and leaf [N] as the season progressed (all P < 0.0001). First-year M. × giganteus typically 
maintained higher levels of A and ΦPSII throughout the growing season (Figs. 5.4a-5.4d). 
Differences for these parameters increased among stand ages after the average daily 
temperature fell below 10 °C (Figs. 5.4a-5.4d and 5.4g-5.4h). For example, on 15 
September 2011, the average daily temperature was 7.6 °C; the next set of measurements 
107 
after this date were taken 19 September 2011, which was substantially warmer, 18.9 °C. 
Net CO2 assimilation rates for first-year plants on this date averaged 23.8 µmol m-2 s-1; 
which was greater (P < 0.0001) than second and third-year plants which averaged 14.8 
and 14.1 µmol m-2 s-1, respectively, and did not differ from each other (P = 0.6142). The 
recovery of ΦPSII after cold days in first-year, but not older M. × giganteus was especially 
evident (Figs. 5.4c-5.4d and 5.4g-5.4h). For example, on 3 October, 2010, the daily 
temperature fell to 7.9 °C. When measured five days later, the temperature average had 
warmed to 15.1 °C. After this warming period, first-year M. × giganteus exhibited a ΦPSII
of 0.26, while second-year M. × giganteus maintained a lower ΦPSII of only 0.18 (P < 
0.0001).  
Leaf [N] remained higher in first-year stands than in second and third-year stands, 
and decreased very little throughout the growing season (Figs. 5.4e-5.4f). For example, in 
2010, first-year stands began and ended the autumn with 1.7 % leaf N. However, 
although second-year M. × giganteus began the same season with a similar leaf [N] to 
first-year M. × giganteus (1.6 %; P = 0.0777), it significantly decreased by the end of the 
season to 1.1 % (P < 0.0001). In 2011 differences in leaf [N] between first-year and 
second and third-year M. × giganteus were present at the first date of sampling (P < 
0.0001). By the end of the season, third-year M. × giganteus leaves contained 
significantly lower [N] than second-year M. × giganteus (P < 0.0001), and second-year 
M. × giganteus leaves had a significantly lower [N] than first-year M. × giganteus (P < 
0.0001).  
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Does propagation method influence M. × giganteus leaf senescence? 
Here we found no evidence that autumnal leaf senescence varies between stem 
and rhizome propagated M. × giganteus. This was consistent within and between both 
autumn seasons and all stand ages. Propagation method was not a significant term in the 
statistical model for any dependent variable nor was any interaction that contained the 
effect of propagation method.  
Discussion 
Here we used photosynthetic performance and leaf [N] of upper canopy leaves as 
quantitative proxies for whole-plant senescence in different aged stands of clonally 
propagated M. × giganteus. To our knowledge, these data represent the first direct and 
quantitative comparisons of senescence symptoms in first-year M. × giganteus to older 
stands. We found that first-year M. × giganteus maintained higher levels of A, ΦPSII and 
leaf [N] as winter approached, while these levels declined in older stands, thus suggesting 
that first-year M. × giganteus exhibits a delayed or absent senescence, but gains the 
competence to senesce earlier as it ages. These findings are consistent with the qualitative 
greenness indices reported by Robson et al. (2012), which showed high greenness ratings 
up until a killing frost for first-year M. × giganteus, and bolster remarks made by Beale 
and Long (1995) that senescence in the second season was more apparent than in the first 
season. However, neither of these trials compared different aged stands side-by-side.   
Not only did first-year M. × giganteus plants maintain higher (relative to second 
and third-year plants) A and ΦPSII as the season progressed, but these attributes also 
rebounded more intensely when temperatures warmed, especially following ‘cold shocks’ 
from the coldest temperatures experienced to date within a  growing season. These 
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responses in first-year M. × giganteus are consistent with the results of controlled 
environment studies which showed that newly planted M. × giganteus exhibited increased 
levels of pyruvate phosphate dikinase (PPDK) a few days after transfer from 25 °C to 14 
°C (Wang et al., 2008). Wang et al. (2008) showed this increase in PPDK corresponded 
to an ability to maintain A at 80 % of the rate prior to moving to cold temperatures, even 
while continually growing at 14 °C. Although our experiment was conducted in the field, 
we found similar responses in A. After the coldest days (< 10 °C), first-year stands of M.
× giganteus were able to increase A even while temperatures remained cool, and 
especially when temperatures warmed. In contrast, older stands of M. × giganteus
maintained lower A while temperatures remained cool, and showed relatively modest 
increases in A following a warming period. These results suggest that perhaps the 
increased levels of PPDK, which allow first-year M. × giganteus to maintain high A, may 
not be as pronounced in established field-grown M. × giganteus. 
While decreasing ΦPSII is often used to diagnose stress (Maxwell and Johnson, 
2000), it has also been correlated to senescence in rice (Rao et al., 2003). The 
maintenance of PSII is consistent with a lack of early leaf senescence, since the 
chloroplast is the first organelle dismantled during leaf senescence. Here we found that 
for second and third-year M. × giganteus, ΦPSII decreased earlier in the season. Similarly 
to A, the differences between stand ages emerged especially after low temperature cold 
shocks. We hypothesize that this reduction in ΦPSII corresponds not to a stress per se, but 
rather to the dismantling of PSII proteins in preparation for translocation during 
senescence. The finding that first-year M. × giganteus maintained higher ΦPSII that 
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rebounded even after cold shock may indicate that PSII proteins are intact, and are 
readily able to begin functioning once temperatures warm again.  
Reduced senescence in first-year M. × giganteus is further supported by our 
finding that as M. × giganteus ages, [N] decreases more rapidly in the autumn, consistent 
with the breakdown of photosynthetic proteins and translocation to the perennating 
rhizome (Beale and Long, 1997). Although a decreasing pattern was not always observed 
in older plants, e.g. second-year M. × giganteus in 2011, these findings are consistent 
with the timing for N translocation in established M. × giganteus shown by others (Beale 
and Long, 1997; Dohleman et al., 2012; Heaton et al., 2009) that N translocation from 
aboveground biomass may be mostly complete by August. Interestingly, the 1.6-1.7 % 
leaf [N] observed here for first-year plants, just prior to a killing frost, was very similar to 
the leaf [N] found in June for established M. × giganteus in previous trials (~1.5 %) 
(Dohleman et al., 2012; Heaton et al., 2009). Likewise, the leaf [N] of 0.8-1.0 % 
observed here for established M. × giganteus during late October was consistent with 
Dohleman et al. (2012), who found a leaf [N] of ~0.7 % during October for established 
M. × giganteus. These studies did not consider first-year M. × giganteus.  
Our results suggest that the senescence of first-year M. × giganteus is 
significantly reduced when directly compared with second and third-year M. × giganteus. 
Leaf senescence is the process by which nutrients are remobilized to developing tissues 
and sinks. Delayed senescence may be a “double-edged sword” for M. × giganteus in its 
first season. It allows the crop to maximize the growing season, however, in the absence 
of translocation, aboveground nutrients may be lost, and increase the potential for 
overwintering losses.  
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It is of particular interest that M. × giganteus with the same genetic background 
(clones), but of different ages, exhibited differential responses to the same environmental 
cues. This system represents a unique opportunity to study the control of senescence 
through basic and applied research. Basic research can address the signaling differences 
between first and subsequent years of M. × giganteus without confounding genotypic 
variability. Additionally, mutant lines would not need to be generated to exhibit the 
delayed senescence phenotype. Applied research questions could address how senescence 
can be manipulated in these plants to meet the needs of producers and consumers of 
biomass crops. From the sense of biomass production and conversion, delayed 
senescence may be beneficial or detrimental. Delayed senescence maximizes biomass 
yields, but reduced senescence also results in nutrient rich biomass which is undesirable 
for conversion.  
Our results suggest that the often implied, but rarely evaluated, senescence of 
first-year M. × giganteus is significantly reduced, or even absent, when directly compared 
with second and third-year M. × giganteus. 
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Figure Captions 
Fig. 5.1. First (Left) and second-year (right) M. × giganteus stands. First-year M. × 
giganteus remains green long into the autumn, whereas second-year M. × giganteus
begins yellowing and senescing which is especially evident near the bottom of the plants. 
Note corn has been harvested prior to this photo and the trees are senescent as well. Photo 
credit: Nicholas Boersma, 4 October 2011.  
Fig. 5.2. First (foreground) and second-year (background) M. × giganteus stands. First-
year M. × giganteus remains green long into the autumn, whereas second-year M. × 
giganteus begins yellowing and senescing which is especially evident near the bottom of 
the plants. Photo credit: Nicholas Boersma, 4 October 2011. 
Fig. 5.3. Field layout and design. Three individual fields, each with four plots of 
rhizomes and four plots of plugs randomly assigned to plots, were planted one each in 
2009, 2010 and 2011. The field established in 2009 is composed of plots that are 12.2 × 
12.2 meters, and the fields established in 2010 and 2011 have 6.1 × 6.1 meter plots due to 
space restraints. In all plots, plants were spaced at 0.8 meters between and within rows.    
Fig. 5.4. Miscanthus × giganteus senescence response to date and average daily 
temperature. Net CO2 assimilation rate (µmol m-2s-1) (a, b), photosystem II efficiency 
(dimensionless) (c, d) and total leaf N (%) (e, f) was measured in autumn 2010 (a, c, e) 
and 2011 (b, d, f). Measurements were made on two randomly chosen plants per plot, and 
were averaged within eight plots for first-year ( ), second-year ( ) and third-year ( ) M. 
× giganteus on each date. Points plotted indicate the mean of these eight (n=8) 
observations within each stand age and date combination. Error bars indicate ± 1 standard 
115 
error of the mean. Average daily temperatures were recorded at an adjacent (6.3 km NE) 
weather station and acquired from the Iowa Environmental Mesonet (2013). 
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Figures 
Fig. 5.1. Photograph of differential M. × giganteus senescence (I) 
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Fig. 5.2. Photograph of differential M. × giganteus senescence (II) 
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Fig. 5.3. Field design and layout 
Established 2009
Sampled 2010: Second-year stand
Sampled 2011: Third-year stand
Stem Propagated Plant
Established 2010
Sampled 2010: First-year stand
Sampled 2011: Second-year stand
Established 2011
Sampled 2011: First-year stand
Rhizome 
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Fig. 5.4. Miscanthus × giganteus autumnal leaf senescence symptoms by stand age 
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CHAPTER 6. GENERAL CONCLUSION 
After venting about how my research seemed to be creating more questions than 
answers, a colleague of mine replied, “Well, that’s why they call it research. You are 
continually re-searching.” This has been a common occurrence during my Ph.D. 
program. I have come to several conclusions, and those conclusions have led to more 
questions and potential future research. 
The goals of this project were to address major agronomic challenges facing M. × 
giganteus adoption and commercialization. The main challenges facing sterile M. × 
giganteus relate to propagation methods and overwintering success in the first season. 
Additionally, there have been no yield trials for the state of Iowa to validate modeled 
yield projections in the peer-reviewed literature, and no yield assessments of M. × 
giganteus propagated from alternative methods, such as stem propagation. Below are my 
general conclusions outlining the answers and questions that have arisen throughout this 
project.  
Stem Propagation of M. × giganteus is Possible and Prolific  
Although stem propagation of M. × giganteus has been discussed previously 
(Atkinson, 2009; Hong and Meyer, 2007), the success rates and potential of the system 
had not been determined under varying conditions. Here I described a system of M. × 
giganteus propagation that may be up to 12 times more prolific than currently published 
rhizome multiplication rates. This system also minimizes the environmental impact that 
rhizome harvesting may cause; for example, digging rhizomes requires tillage which may 
leave soils vulnerable to erosion and CO2 losses that may undo some of the CO2
sequestration that had previously occurred beneath this perennial crop. Additional 
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advantages of this system include elimination of rhizome handling/sorting and no need 
for hormones required of other non-rhizome propagation methods such as 
micropropagation.  
Stem and Rhizome Propagated M. × giganteus Exhibit Similar 
Productivity 
Using micropropagated plants was a significant challenge in early M. × giganteus
projects (Christian and Haase, 2001; Clifton-Brown et al., 2007), and was found to 
significantly impact morphology and growth (Lewandowski, 1998). This propagation 
method was used to produce a large number of plants quickly, a problem that Atkinson 
(2009) argued had to be overcome for M. × giganteus commercialization. In contrast to 
micropropagation, my data show that stem propagated plants had very few differences in 
terms of morphology, yields, photosynthetic rates and ultimately survival when compared 
to rhizomes.  
In Iowa, stem propagated plants can be planted with the confidence that their 
performance in the field will be comparable to rhizome propagated M. × giganteus. In the 
U.S., producers have two choices for M. × giganteus planting stock: rhizomes and 
plantlets. All the published US research and production guides have been on rhizomes, 
but these M. × giganteus plantlets constitute the most uniform M. × giganteus planting 
stock available in the U.S., making them a potentially attractive alternative to rhizomes. 
Stem propagation is possible and prolific, and here we found that utilizing these stem 
propagated plants will result in similar field performance as conventionally produced 
rhizome plants.  
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Survival and Absent First-Year Senescence is Similar in Stem and 
Rhizome Propagated M. × giganteus
In addition to yield performance, M. × giganteus stem propagated plants exhibit 
similar winter and establishment survival as rhizome generated plants. Previous 
publications have speculated that M. × giganteus winter mortality following the first 
growing season is due to a lack of dormancy (Christian and Haase, 2001). It was also 
speculated that micropropagated plants were even more susceptible to this lack of 
dormancy, presumably due to lingering hormonal effects of that propagation method 
(Christian and Haase, 2001). Stem propagation, which does not require hormones, 
resulted in plants that survived similarly to rhizome generated plants. Winter survival for 
both propagules was quite high during these trials, but this research supports the 
hypothesis that M. × giganteus does not go dormant in its first-year, as indicated by 
diminished leaf senescence when compared to second and third-year stands. Also, the 
similar senescence patterns observed in stem and rhizome propagated plants indicates 
that the phenomenon described by Christian and Haase (2001), is not unique to 
hormonally treated propagules. 
Re-Searching  
Miscanthus × giganteus stem and rhizome generated plants are very similar, and 
the stem propagation method is possible and theoretically 12 times more prolific than 
conventional rhizome propagation. However, some additional inputs are required to 
propagate M. × giganteus by stems, including greenhouses and irrigation. Does the extra 
material generated by this method offset the additional costs? Further work should 
consider the economics of these two systems. Such an analysis would further inform the 
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industry about the feasibility of implementing this system. However, in addition to the 
economics, the environmental impact of traditional rhizome harvest should be 
considered, as stem propagation requires no tillage or digging.  
Plantlets and rhizomes are good options for planting stock in Iowa. Both showed 
high yields and good survival. However, in Iowa, M. × giganteus exhibited reduced leaf 
senescence in the first season. The observation that senescence occurs in years two and 
three, as indicated by declining leaf [N], photosynthetic rates and photosystem II 
efficiency, but not in the first season, represents an opportunity for both applied and basic 
research in the future.  
From an applied research perspective, further understanding the relationship 
between senescence and winter survival could lead to better management practices or 
plant treatments that could improve senescence and survival. From a basic science 
perspective, this system gives researchers a unique opportunity to investigate the triggers 
of senescence. Regulation of leaf senescence, although well studied, is still largely not 
understood, especially at a genetic level (Lim et al., 2007). The clonal material of M. × 
giganteus is a unique opportunity to study the regulation of senescence without genetic 
variability or the need to generate mutants showing a delayed senescence phenotype. 
First and second-year stands of M. × giganteus, which are all genetically the same, 
respond to the same environmental cues differently. Perhaps this system could serve as a 
model to understand the environmental and endogenous signaling that occurs in M. × 
giganteus to initiate leaf senescence. Additionally, this system could be useful to 
understand how herbaceous perennials age, and how that aging process may affect 
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physiological processes. Future research should consider the relationship of stand age, 
senescence and winter survival of M. × giganteus.   
Creating more questions from this research has been frustrating and exciting at the 
same time; I take encouragement from this quote from Albert Einstein: “Learn from 
yesterday, live for today, hope for tomorrow. The important thing is not to stop 
questioning.” As a scientist, I have the opportunity to continue searching for the answers 
to questions, and I know that this will be an unending and fulfilling process.  
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